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Series Editor Introduction

As stated in my introduction to Inflammatory Disorders of the Nervous System,
published in 2005, the role of the inflammatory response in the pathophysiology of
certain nervous system disorders had been known for quite some time. However, not
unexpectedly, since that volume was published, the field has grown very rapidly.
The creation of new journals such as the Journal of Neuroinflammation and
Neuroimmunology and Neuroinflammation speaks to the enormous growth of the
field. It is therefore timely that in an effort to update the field, Dr. Minagar and Dr.
Alexander have produced a second edition of their book, Inflammatory Disorders of
the Nervous System: Pathogenesis, Immunology, and Clinical Management.
Although there is some overlap of topics which have been updated from the first
volume, several are new and were not addressed in the first edition. These include
HIV infection, autoimmune encephalitis including paraneoplastic and nonneoplas-
tic disorders, Guillain-Barre syndrome, chronic inflammatory demyelinating poly-
neuropathy, myasthenia gravis, inflammatory myopathies, and the role of veins in
neurodegenerative disease. The editors have recruited a number of new experts in
the field who provide new information concerning the basic mechanisms of these
disorders as well as new clinical information regarding their diagnosis and treat-
ment. As stated in my introduction to the first edition, it may possibly still be appro-
priate to state that a balance may exist between useful and protective and possibly
damaging effects of various neuroinflammatory mechanisms. The extent to which
neuroinflammation is a primary cause or a more passive bystander in the patho-
physiology of certain neurologic disorders may turn out to vary considerably among
the various conditions considered here.

Boston, MA, USA Daniel Tarsy, MD



Preface

Many, if not all, diseases of the central and peripheral nervous systems exhibit neu-
roinflammation which plays a central even initiating role in the pathogenesis of
these conditions. Only by meticulously exploring the mechanisms and key events in
neuroinflammatory disturbances can clinicians advance diagnosis and treatment of
these maladies. In this, our second edition of Inflammatory Disorders of the Nervous
System: Pathogenesis, Immunology, and Clinical Management, we have collected,
updated, and extended our understanding of the developing descriptions of these
conditions from the perspective of clinical and basic neuroscientists. Owing to
many recent scientific and technical developments, our general understanding, para-
digms, and approaches towards neuroinflammation have changed again, and with
them greater refinement of novel biologic immunotherapies making these often life-
long and progressive maladies more manageable; cures for some may be in sight.

Our second edition encompasses the most up-to-date research findings in the rap-
idly evolving and expanding arena of neuroinflammation establishing it as a separate
domain within the field of neuroscience. The chapters in this collection underscore
how an improved realization of these conditions as inflammatory phenomena may be
most rapidly and safely translated to the clinic. We hope that the next generation of
clinicians and basic scientists will benefit and become enthusiastically inspired to
apply, develop, and expand on the collected findings presented in this edition.

We would like to acknowledge and thank the group of diverse and international
teams of physicians and scientists who contributed to make this volume timely,
despite their active clinical and academic duties. The editors of this edition would
also like to thank and acknowledge the patient discipline of our editorial colleagues
at Springer Inc. including Mr. Karthikeyan Gurunathan and Gregory Sutorius with-
out whose superior guidance and organization this volume would not have been
possible. We, the editors, would like to thank you, the readers for studying this
volume and hope that our contribution will again help to drive this field forward and
make the neurologic conditions described here only a part of future clinical
history.

Shreveport, LA, USA Alireza Minagar, MD
J. Steven Alexander, PhD
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Emerging Roles of Endothelial Cells 1
in Multiple Sclerosis Pathophysiology
and Therapy

J. Winny Yun, Alireza Minagar, and J. Steven Alexander

Introduction
Normal BBB Anatomy and Physiology

The internal milieu of the brain is isolated from solutes and cells in the bloodstream,
creating an immunologically and pharmacologically “privileged” compartment
owing to the BBB. The BBB is a highly organized and strictly regulated multicel-
lular system, creating physical, chemical, and metabolic barriers, which has at its
heart the CEC. These closely apposed cells are integrated functionally and meta-
bolically with pericytes, astrocytes, and neurons to regulate blood flow and exchange
of materials via transporters, pores, and channels normally protecting the brain with
disturbances during acute and chronic inflammatory responses.
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Transport Across the BBB

The BBB prevents the passive entry of water, charged solutes, soluble mediators
(including circulating neurotransmitters), proteins (immunoglobulins, cytokines,
chemokines), and immune cells in the peripheral circulation into the CNS, protect-
ing it from unintended immune activation and excitotoxic stress. BBB homeostasis
is a prerequisite for normal neuron functioning; neurons are extremely sensitive to
fluctuations in parenchymal ionic strength (Ca2*, Na*, K*). Although limited
immune cell exchange across the BBB is normal, a low continuous level of immune
cell surveillance protects the brain against viral (e.g., JC virus) reactivation and is a
consequence of BBB immune suppression and MS therapy.

Among the cells forming the BBB, CEC lines the intimal surface of larger cere-
bral vessels and are the major component of brain capillaries. The highly special-
ized CEC establishes physical barriers against the exchange of solutes, ions, and
formed blood elements. Trans-BBB exchange of immune cells can take place tran-
scellularly (penetrating the endothelial cytoplasm) or at inter-CEC junctions (para-
cellularly) as is found in most other endothelia [1]. The “decision” for immune cells
to either pathway reflects the level of expression and context for presentation of
intercellular adhesion molecule-1 (ICAM-1) [1]. The ICAM-1 cytoplasmic domain
appears to be absolutely required for Rho-mediated signaling, which leads to cyto-
skeletal rearrangements necessary for T cell penetration of the CEC [2]. Gorina
et al. (2014) have suggested that both neutrophil “crawling” mediated by ICAM-1
and ICAM-2 are necessary events leading to BBB extravasation [3]. von Wedel-
Parlow and colleagues have suggested that neutrophils can pass across BBB endo-
thelium transcellularly without disturbing the junctional barrier [4], although
perturbations in tight and adherens junction binding and organization can increase
extravasation at this route as well [5, 6]. Consequently, both tight and adherens
junctional organization as well as adhesion molecule expression can influence trans-
BBB immune cell exchange.

This BBB restriction to cells and solute exchange is achieved by cooperative
interactions between tight junctions (TJs) and adherens junctions (AJs) between
apposed endothelial cells. These interactions allow the BBB to create an electrically
resistive barrier of up to 1500 ohms/cm? (known as “gate” function). The lateral
sealing of apical and basolateral membrane domains (“fence” function) [7, 8] seg-
regates luminal and abluminal adhesion molecules, transporter and matrix binding,
and cell contact domains. BBB establishment and development depend on several
paracrine signals from astrocytes and glia to the endothelium; neurons may also
indirectly influence BBB. Astrocyte-derived brain-derived neurotrophic factor
(BDNF) [9], platelet-derived growth factor-p (PDGF-BB), pericyte-derived trans-
forming growth factor-p (TGF-f), GDNF, bFGF, IL-6, and steroids [10, 11] all con-
tribute to the establishment and organization of the BBB [11, 12]. PDGF-f stabilizes
BBB phenotype by recruiting pericytes to the BBB [13]. Pericytes in turn continu-
ously release TGF-f, which establishes and induces the BBB by inducing transcrip-
tion of claudin-5, an important component of TJ [11]. The actual physical barrier of
the BBB occurs at the molecular level of the tight junctions, which is supported by
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adherens junctions, between adjacent BECs, which is regulated by these factors.
Although pericyte TGF-f may help to establish BBB, ischemic pericyte release of
VEGF-A can also trigger vascular leakage [14], illustrating the complexity of the
“support” cells, which are able to both enhance and disintegrate the BBB. Astrocytes
significantly upregulate VEGF expression during MS [15], which in turn downregu-
lates claudin-5 and occludin levels by activating p38 mitogen-activated protein
kinase (MAPK) [16]. Astrocytes are instrumental in MS neuroinflammation, not
only due to the release of factors that disrupt the BBB but also because the loss of
its polarity can also cause BBB dysfunction. Loss of polarized expression of aqua-
porin 4 (AQP4) in the astrocytic foot processes is seen in an animal model of MS,
experimental allergic encephalomyelitis (EAE) [17]. Loss of astrocytic polarity
suggests that the polarized secretion of various astrocytic-derived factors (e.g.,
sonic hedgehog (Hh)) is also compromised in experimental and clinical
MS. Astrocytes secrete Hh and bind Hh receptors expressed on BBB endothelial
cells to promote BBB formation and integrity [18]. Hh is upregulated in active
demyelinating lesions and is correlated with increased Hh receptor expression in
BBB endothelial cells, indicating a possible compensatory mechanism to promote
BBB repair.

Adherens Junctions in BBB

AJ forms continuous band-like structures along apposed cells known as “adhesion
belts,” holding adjacent cells together. During embryonic development, AJs initiate
cell-cell contacts, and throughout life they maintain TJs (and hence the BBB).
Although endothelial cells express several calcium-dependent adhesion molecules
(cadherins), vascular endothelial cadherin (VE-cadherin), also referred to as cad-
herin-5, is considered to be specific to endothelial cells. VE-cadherin is one of the
first endothelial cell-specific markers expressed during embryonic development
[19] and establishes the basic organization of endothelial AJs to regulate permeabil-
ity [20]. It interacts with actin cytoskeleton and intermediate filament vimentin via
its cytoplasmic domain to create the endothelial-specific “complexus AJ” [21]. This
interaction is not direct but rather occurs via association with linker proteins a-, 8-,
x- and p120 catenins. AJ complexes also interact with various proteins, but in endo-
thelial cells they bind to and interact with endothelial-specific proteins, such as
platelet adhesion molecule-1 (PECAM-1) and vascular endothelial growth factor
receptor-2 (VEGFR-2), regulating the organization of AJ and barrier function [22].
PECAM-1 contributes to endothelial barrier function and also helps accelerate and
restore barrier integrity upon disturbances [23]. In EAE, PECAM-1 deficiency ele-
vates cellular infiltration into sites of inflammation suggesting that PECAM-
Inegatively regulates leukocyte diapedesis. This is concurrent with increased
vascular permeability in the CNS, which occurs during EAE [24]. Another impor-
tant BBB cadherin is cadherin-10 which is expressed specifically in BBB endothe-
lial cells but not in other BECs or in non-CNS cells [25], demonstrating the
specificity of cadherin-10 as a barrier-forming AJ protein of the BBB.
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Tight Junctions in BBB

The TJs are multiprotein complexes between brain microvascular endothelial cells
providing closely approaching intercellular connections. TJs are the major complex
forming the BBB and are the most important structure underlying the normal phys-
iology of the BBB. TJs in the BBB consist of several proteins, which include occlu-
din, [26], claudin-1, claudin-3, claudin-5, claudin- 10, and claudin-12, and junctional
adhesion molecules (JAM-A, JAM-B, and JAM-C). Furthermore, there are impor-
tant cytoplasmic scaffolding proteins that link TJs to cortical actin filaments such
as zonula occludens (ZO)-linker proteins 1 and 2 (ZO-3 is not expressed by BECs)
[7, 27]. Loss of claudin-3 in BBB TJ in EAE [28], in which BBB integrity is com-
promised, suggests an important role of claudin-3 in maintaining BBB TJ integrity.
Claudin-3 is also distinctly localized to TJ in hCMEC/D3 cells, which are widely
used as an in vitro model of human BBB [29]. Occludin and claudin-5 and claudin-
11 are “tetraspan” transmembrane proteins (four transmembrane helices and two
extracellular loops) known as myelin and lymphocyte protein (MAL) and related
proteins for vesicle trafficking and membrane link (MARVEL) domain. The second
extracellular loop of occludin contains the LYHY motif, which mediates occludin’s
role in cell-cell adhesion contributing to barrier function [30] as well as leukocyte
emigration [5]. Activated immune cells also express occludin in some cases —
which may permit them to link with occludin of BECs of BBB — ultimately allow-
ing passage of these immune cells across tight junctions [31]. These proteins
interact with various proteins on the cytoplasmic side of the membrane. For exam-
ple, the extended C-terminus is essential for occludin dimerization as well as its
interaction with ZO-1. These domains also interact with various kinases such as
protein kinase C isoforms, tyrosine kinases, and phosphoinositol 3 kinase (PI3
kinase) as well as tyrosine phosphatases [32]. The reversible phosphorylation state
of occludin and claudin as well as the abundance of these proteins is understood to
be a key aspect of barrier function controlling the organization and barrier of endo-
thelial tight junctions [33-36]. Another family of proteins localized in endothelial
TJ is the JAMs. All three JAMs (JAM-A, JAM-B, and JAM-C) may be involved in
leukocyte migration — for example, JAM-A mediates T cell migration by binding to
LFA-1 [37]. TJ protein mutations or elimination leads to the breakdown of BBB
and is functionally linked with some neurological disorders including band-like
calcification with simplified gyration and polymicrogyria (BLC-PMG) [38]. Lastly,
the tricellular and bicellular junctions in CEC appear to contain different compo-
nents, with lipolysis-stimulated lipoprotein receptor (LSR)/angulin-1 recently
defined as a tricellular tight junction protein contributing to the formation of the
BBB [39].

Other Junctional Components

Although tight and adherens junctions are important components of the BBB, inte-
grins also contribute to CEC integrity. Although alpha V integrin deficiency does
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not impair pericyte-endothelial interactions, it does disturb endothelial and nervous
system parenchymal connections leading to BBB failure [40]. Additionally, con-
nexons between endothelial cells (containing connexin 43) modulate calcium and
BBB organization [41], and astrocyte connexin 43 modulates endothelial immune
activation and enhances immune cell emigration.

Cerebral Endothelial Junctional Disorganization in MS

MS has a strong association with BBB dysfunction as well as loss of structural
integrity [42], both of which together reflect several levels of BEC dysfunction (Fig.
1.1). Immunofluorescence staining of postmortem MS brain samples revealed an
abnormal TJ molecule distribution, including occludin, JAM-A, and ZO-1, which
correlated with patterns of serum protein leakage in active lesions [43]. This sug-
gests that TJ disruption strongly contributes to BBB dysfunction seen in
MS. Disintegration of the BBB by degradation and downregulation of TJ and AJ
appear to play central roles in relapsing-remitting, primary progressive, and second-
ary progressive MS. The critical role TJ plays in BBB maintenance has been

Astrocyte

T e

Cerebral
Endothelial Cell

Th1/Th17
Cytokines
Nitric Oxide

Fig. 1.1 Are cerebral endothelial cell and vascular dysfunction contributing to MS pathophysiol-
ogy? The barrier maintained by CEC involves several junctional complexes, which are supported
and regulated by pericytes, astrocytes, and neurons. During inflammatory conditions, CEC mono-
layers express and present selectins and several IgCAMs to become hyper-adhesive and permit
extravasation of blood-borne tracers. Activated CEC is less effective at excluding immune cells
from trans-BBB penetration. These inflammatory stimuli may include cytokines, altered NO pro-
duction, viruses, trauma, etc. Once activated, endothelial cells may progress toward apoptosis and
may also shed membrane fragments called “microparticles” which are both mediators and markers
of CEC injury in MS
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demonstrated using EAE model of MS. Inducible endothelial-specific expression of
claudin-1 alleviated clinical symptoms of EAE by preventing BBB leakiness [44].
However, ectopic claudin-1 expression did not affect immune cell trafficking into
the CNS, which suggests that BBB TJs may be critical structures regulating BBB
solute exchange but not immune cell diapedesis. Nonetheless, immune cell migra-
tion may amplify BBB TJ pathology as is illustrated by the loss of claudin-3 and
claudin-5 as mentioned above [28]. We have demonstrated that serum from MS
patients in relapse (known to contain higher levels of inflammatory cytokines)
diminishes occludin and VE-cadherin expression in cultured brain endothelial cells
[45]. More recently, Shimizu and colleagues have also described barrier distur-
bances in response to serum from RRMS and SPMS [46]. During MS flares, Th1
cytokine levels increase in the CNS interstitium as well as in the circulation. We
have demonstrated that endothelial cell exposure with inflammatory mediators or
calcium chelation initiates the reversible internalization (endocytosis) of classical
and VE-cadherins from inter-endothelial junctions by a PKC [33, 47, 48]. Among
these, IFN-y in particular may directly modulate BBB function by suppressing the
expression of TJ and AJ components [45] as well as triggering internalization of TJ
proteins (e.g., occludin, JAM-A) [49]. In addition, inflammatory cytokines can also
indirectly influence the BBB function by disturbing the adventitial cells that can
stabilize and enhance BBB [50].

Disruptions of cell-cell contact and communication resulting from breakdown of
intercellular junctions not only lead to a decline in barrier function but can also
cause endothelial apoptosis through the extrinsic pathway [51]. Although TJ disrup-
tion is sometimes regarded as a consequence of apoptosis, mislocalization of clau-
dins that also leads to occludin disruption (and hence of TJ) can activate caspases
and eventually promote cell death [52]. The association of the two events is influ-
enced by interferon-f1b (Betaseron), which has been shown to protect endothelial
cells from apoptosis in vitro [53] and while at the same time preserving junctional
integrity [45]. Interestingly, despite diverse pathways for immune cell passage
across the intact CEC monolayer, tricellular junctions containing LSR are down-
regulated during EAE and may increase the penetration of immune cells at tricel-
lular junctions [39], possibly consistent with a preference for the paracellular route
when junctions are less well organized (as may exist in MS).

Metabolic and Hypoxic Disturbances of CNS in MS

The use of T1-weighted MRI with gadolinium contrast as a diagnostic tool for MS
relapse suggests that BBB disruption is a key feature of MS and causes leakage of
the contrast agent at perivascular cuffs in the brain. The effectiveness of MS thera-
pies and whether they improve BBB function can be seen by whether they relieve
lesions since the number, size, and intensity of these lesions reflect BBB failure
and disease severity. White matter lesions in MS are characterized by oligodendro-
gliopathy (apoptosis and regression of oligodendrocytes) and can be exacerbated
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by metabolic disturbances [54]. For example, ischemic stress can also intensify the
injury that results from the proinflammatory cytokines present in MS. This stress
may be especially important in MS etiology because BECs are sensitive not only
to metabolic stress but also to ischemic stress that disrupt barrier function, pro-
mote microparticle (MP) release [55], and induce endothelial cell adhesion mole-
cule (ECAM) expression. MS involves intense neuroinflammation; this
inflammation can cause vasoconstriction, limited perfusion resulting from edema,
thrombosis, and activation of macrophages or glial cells, ultimately leading to tis-
sue hypoxia. In addition, ischemic stress can occur even in the presence of ade-
quate oxygen: toxic metabolite accumulation can interfere with mitochondrial
ATP production, leading to ischemic stress despite oxygenation [54]. Such metab-
olites include glutamate, oxidants, and peroxynitrite, which can cause excitotoxic-
ity in CNS neurons. Excitotoxicity and oxidative stress mediate neuronal loss
characteristic of neurodegenerative diseases including MS [56]. Glutamate can
indirectly contribute to oxidant generation as well, which is suggested to cause
barrier disturbances in stroke and possibly in MS [57, 58]. Glutamate-dependent
stress is exacerbated in MS due to glutamate accumulation that results from
increased levels of proinflammatory cytokines in the CNS that impair glial clear-
ance of glutamate [59].

Endothelial Energy Metabolism

Glucose is the major source of energy in neurons. Therefore, it is not surprising that
glucose transporter-1 (GLUT1) is one of the most abundant proteins and the solute
carrier which is most enriched in the BBB [60]. Under hypoxic conditions (such as
that provoked by inflammation in MS), GLUTI1 expression can increase in a
hypoxia-inducible factor 1-alpha (HIF-1)-dependent manner. This may involve
prostanoid signals originating from either hypoxic astrocytes [61] or pericytes [62]
and may represent a type of metabolic “switch.” Reductions in GLUT1 expression
intensify CNS stress and are frequently observed in Alzheimer’s disease (AD) [63].
Decreased GLUT1 expression and function exacerbate neurovascular degeneration
in MS, because of disastrous effects on BBB integrity [64]. Several endothelial
functions are compromised by defects in energy homeostasis during MS exacerba-
tions including depressed endothelial barrier function, increased endothelial apop-
tosis, expression of ECAMs, and conversion into a prothrombotic phenotype, all of
which increase disease activity.

Endothelial Microparticles
Even under normal physiological conditions, individuals and endothelial cells con-

tinuously shed small, cell membrane-enclosed vesicles, carrying many cytoplasmic
as well as surface markers, especially adhesion molecules deprived from “parent”
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or originating cells. These particles (diameters in the range of 0.1-1 pm) can be
found either freely circulating in plasma bound to other blood components and are
known as “endothelial microparticles” (EMPs). In addition to these many protein
biomarkers that indicate their origin, microparticles (MPs) also exhibit phosphati-
dylserine (PS) on the outer leaflets of their plasma membrane. PS exposed on the
surface of EMP binds to annexin V and describes “apoptotic endothelial micropar-
ticles” [55]. Because of this, characteristic MPs were once thought to represent
“apoptotic bodies.” However, MPs are now accepted to be a separate population of
secreted vesicles. There has been increased research interest in deducing the func-
tion of MP release, whether it is adaptive and protective or damaging to the endo-
thelial cells, and it still remains unclear. However, MPs may be a double-edged
sword: although MP release is associated with various pathologies, inhibition of
cellular MP release is associated with cell detachment and death [65]. When exposed
to metabolic and inflammatory stress, such as in MS, endothelial cells release sig-
nificantly more MPs, indicating the potential application of MPs as diagnostic
marker and indices of disease severity and indicators of therapeutic response [66].
However, MPs are not only a marker (or a consequence) of MS but also pathological
factors, contributing to the initiation and progression of disease activity [139].
Elevation in MP release is associated with a decline in BBB function and correlates
with increase in leukocyte infiltration [67]. We found that blood-circulating MPs are
not homogeneous but consist of several different species that show different pat-
terns of release depending on disease states [68]. Although various EMPs, including
CD31+ and CD54+ EMPs (EMPP3!* and EMP®P*), are high in active MS and
decrease during therapy, EMPCP!46* did not show such correlation [66]. EMPs are
also not the only type of MPs present in the blood. MPs can also be derived from
other cells including platelets, erythrocytes, and leukocytes [55]. Platelet MPs
(PMPs), which can activate thrombosis, are also elevated in MS and contribute to
vascular injury [69], and such increased EMP can elevate extravasation of immune
cells across the BBB by promoting monocyte adhesion and migration contributing
to the pathogenesis of MS [70, 71].

Endothelial Targets in MS Therapy
Interferon-f

Interferon-f family members, especially interferon-f1b (Betaseron), exhibit mul-
tiple mechanistic effects that protect the endothelium in MS. Interferon-f1b
decreases the transendothelial migration of monocytes by inhibiting complex for-
mation between monocytes and EMPs [70]. An MS clinical trial has shown
decreased T1-weighted gadolinium-enhanced brain lesions and decreased serum
MMP-9 by using interferon-fla plus doxycycline, an anti-inflammatory broad-
spectrum MMP inhibitor, combination therapy. Additionally, MS serum induces
leukocyte extravasation in vitro. Taken together, this suggests that MMPs play an
important role in MS pathophysiology. We reported an elevated level of MMP-8



1 Emerging Roles of Endothelial Cells in Multiple Sclerosis Pathophysiology... 9

and MMP-9 in RRMS serum [72], and others have similarly reported elevated
levels of MMP-9 in RRMS, PPMS, and SPMS [73]. However, reports of elevated
MMP-2 levels in PPMS and SPMS and MMP-9 polymorphisms showed no corre-
lation with disability [73]. Although neutrophils are not commonly believed to
contribute to MS pathology, some phases may be mediated at least in part by neu-
trophils [74]. MMP-8 is associated with neutrophils [75], and CXCR2* neutrophils
may contribute to the oligodendrocyte pathology seen in the cuprizone MS model.
Neutrophils from MS patients display an “active” phenotype, which is typically
characterized by reduced apoptosis and increased tissue persistence; increased lev-
els of toll-like receptor-2 (TLR-2), formyl peptide receptor (fMLP receptor), inter-
leukin-8 receptor (IL-8R), and cluster of differentiation 43 (CD43); as well as
increased granule and superoxide release [76, 77] making them more longer-last-
ing cellular mediators of inflammation. Occludin is susceptible to proteolysis by
MMPs [78, 79], which degrade and disintegrate TJ architecture required for BBB
function. Cytokines such as TNF-a and IL-1-f are known to induce MMP synthe-
sis in several cell types within the BBB [80]. Additionally hypoxia, which contrib-
utes to MS and Alzheimer’s pathogenesis, can activate pro-forms of MMP to active
enzymes which can degrade occludin in TJs [81]. Therefore, MMP activity repre-
sents a potential therapeutic target for interferon-f in MS treatment. MMPs also
directly target and degrade interferon-f. The use of minocycline, a potent MMP
inhibitor, has anti-inflammatory effects that help to maintain interferon-f at thera-
peutic levels [82].

Chemokines

Chemokines are inflammatory mediators and are a subtype of cytokines that are
secreted as chemoattractants, directing the migration of various cells interacting with
endothelial cells during inflammation. Serum CXCL10 level is elevated in MS and
correlates with T2-weighted MRI lesions. CXCL10 is also increased by IFN-3-1a or
IFN-B-1b after 36 h. Levels of CCL2 and CXCL9 were also elevated during MS
relapses. Levels of CCL4 and CCL5 were variable and appeared to depend on patient
gender and on other forms of therapy [83]. Chemokines, such as MCP-1, contribute
to monocyte extravasation across the BBB in MS [84]. Extracellular matrix metal-
loproteinase inducer (EMMPRIN/CD147) is a chemokine, which supports immune
cell trafficking across the endothelium in MS as well as in the EAE model. EMMPRIN
is also linked with increased MMP-9 activity and thus may contribute to MS patho-
genesis [85, 86]. CXCL13 levels also increase in relapsing MS [87]. This is actually
potentially beneficial as it can contribute to neural precursor cell recruitment across
the BBB [88]. CXCL13 appears to be an important biomarker of MS (whose pres-
ence reflects the BBB’s attempt to repair MS injury) rather than a cause that contrib-
utes to pathology; MS therapy does not decrease CXCL13 levels.

Paradoxically, levels of inflammatory but also anti-inflammatory cytokines
increase above baseline in inflamed MS lesions and include IFN-y, IL-2, IL-1p,
TNF-a, IL-4, IL-10, IL-12/23, and IL-13 [72, 89]. Many of these cytokines can
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directly modulate endothelial barrier function and change surface activation proper-
ties. Plasma and CNS concentrations of TNF-a, IL-1p, receptor activator of NF-kB
ligand (RANKL), and C-reactive protein (CRP) are elevated in MS, particularly
during flares [90]. IL-1f upregulation in the CNS contributes to BBB dysfunction
by inducing nuclear translocation of f-catenin in CECs to repress claudin-5 expres-
sion [91]. Although IL-12/23 is elevated in MS, the IL-12/23 blocking antibody,
ustekinumab, has so far shown no benefit in MS therapy [92]. IL-12 suppresses
VEGFR-3 expression in brain endothelial cells [93], and VEGFR-3 levels correlate
with endothelial dysfunction [94] suggesting that VEGFR-3 may contribute to nor-
mal endothelial function and are dysregulated in MS, potentially implicating this
lymphatic marker in MS.

Endothelial Cells Represent Important Targets in MS

“Statins” are anti-cholesteremic hydroxymethylglutaryl-CoA (HMG-CoA) reduc-
tase inhibitors that may potentially be therapeutic in MS, based on their’ ability to
regulate immune responses and “stabilize” the endothelium, exerting neuroprotec-
tive effects [95-97]. Statins have been an attractive candidate for treating MS
because of their various immunomodulatory and neurotrophic effects [98]. Statins
have demonstrated therapeutic benefit in disease severity in mouse models of MS as
well as in clinical trials. By slowing down cholesterol production (by inhibiting
HMG-CoA), they lower serum lipids/cholesterol [99] which appears to track with
MS outcomes. Statins also exert potent anti-inflammatory effects by suppressing T
cells and by maintaining endothelial nitric oxide (NO) output [97, 100, 101].
Importantly, statins downregulate matrix metalloproteinase-9 (MMP-9) expression
and activity, thereby protecting the CNS against macrophage penetration into the
CNS (which contributes to MS pathogenesis) [102, 103]. The immunomodulatory
effects of B-sitosterol and simvastatin were recently compared in a clinical study.
This study revealed that simvastatin suppresses the release of both TNF-a and IL-10
from peripheral blood mononuclear cells (PBMC) in MS patients in a dose-
dependent manner; healthy controls showed no changes [103]. However, an obser-
vational clinical study reported that statins, although well tolerated and safe, were
not effective at reducing MS disease progression or relapse when used alone [97].
Consequently, the use of statins in adjunctive therapy, with interferon-f} in particu-
lar, has been intensively studied with equivocal results. One study reported a signifi-
cant reduction in both the number and volume of MS lesions, while another reported
the opposite showing an increase in the rate of relapse and increased appearance of
new lesions [97]. Hence, these studies did not provide conclusive evidence for statin
use in MS therapy. As such, the ultimate benefits of statins in treatment of MS
patients are difficult to determine. However, since statins confer beneficial effects
on endothelial function by helping nitric oxide (NO) production and reducing
inflammation [100, 101], they are definitely not contraindicated in MS. The use of
statins should be considered when deciding on adjuvant therapy to help restore
endothelial function in MS patients.
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Natalizumab (Tysabri™)

Tysabri™, an anti-a4 integrin humanized monoclonal antibody, is used in MS and
ulcerative colitis [104]. In MS it is used to manage patients with highly active relaps-
ing MS (first line) and those with RRMS unresponsive to beta-interferon therapy
[105]. Early on in its clinical use, natalizumab was discovered to have an associated
risk for progressive multifocal leukoencephalopathy (PML) reflecting immunosup-
pression and reactivation of JC virus in the CNS. This caused a temporary halt in its
use, but it has now returned to the forefront of MS treatment [105]. Natalizumab
effectively blocks binding of o4p1 integrin (VLA-4) and o4f7 integrin (lymphocyte
Peyer’s patch adhesion molecule, LPAM) to VCAM-1 and MAdCAM-1, respectively,
on cytokine-activated brain endothelial cells [106]. Both a4p1 and a4f7 bind fibro-
nectin, and additionally a4fp7 binds fibrinogen [107], possibly involved in immune
cell motility in the parenchyma. Endothelial cells express VCAM-1 and MAdCAM-1
when activated by cytokines, and natalizumab antagonizes lymphocyte-endothelium
binding in MS treatment. The reactivation of JC virus and PML development in some
MS patients receiving Tysabri™ seems to be a relatively delayed event. Therefore,
healthy BBB may be continuously penetrated by immune cells that express o4 integ-
rin and depend on these integrins for appropriate immune surveillance [108].

Tecfidera

One of the most recently approved drugs for treating MS is dimethyl fumarate (DMF),
known commercially as Tecfidera (Biogen). DMF is a fumaric acid derivative origi-
nally used as a sensitizing agent to increase hypoxic tumor cell response to radiation,
which has now been applied in the setting of MS. DMF, is a highly potent inhibitor of
the transcription factor NF-kB [109]. By interfering with NF-kB-dependent mobiliza-
tion of endothelial cell adhesion molecules, cytokines, and cytokine responses, DMF
can block several essential CEC responses to inflammatory cytokines which support
the BBB penetration of inflammatory immune cells [110, 111]. While highly effective,
Tecfidera also has some clinical limitations associated with immune suppression (as
has been described for Tysabri™/natalizumab) [112]. As of the time of this writing,
several cases of PML have been reported in individuals using Tecfidera (four cases as
of November 2015), and the use of this agent may need to be further supervised.

Fingolimod

Fingolimod (Gilenya), a sphingosine- 1-phosphate modulator, has been described as
accomplishing its beneficial immune effects in MS by sequestering inflammatory
lymphocytes in lymph nodes and minimizing their crossing of the BBB. Nishihara
et al. have reported that fingolimod also has a direct effect on claudin-5 (but appar-
ently does not alter occludin), potentially stabilizing tight junctions against the
influence of elevated inflammatory cytokines [113].
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Cytokines and Chemokines in Endothelial Pathogenesis of MS

Thl, Th2, and Th17 cytokines have all been implicated in neuroinflammation and
may influence brain EC functions in MS. Tumor necrosis factor-alpha (TNF-a) is
one of the cytokines best investigated in the pathogenesis of MS, as well as with
interferon gamma (IFN-y). Both TNF-a and IFN-y are overexpressed in MS and
may increase endothelial activation and impair BBB junctional integrity [114,
115]. Indeed, MR measures have revealed a surge in TNF-a levels along with a
decrease in anti-inflammatory cytokines (e.g. IL-10 and TGF-f) before MS relapses
and inflammatory flares [116]. Of these anti-inflammatory cytokines, IL-10 has
been reported to prevent MAdCAM-1 induction and junctional disruption [5, 117].
TNF-a is produced mainly by activated macrophages, but several cells in the CNS/
BBB may also contribute. TNF-a is a major immunomodulatory cytokine involved
in many inflammatory diseases including AD [118], inflammatory bowel disease
(IBD) [119], and MS [120]. The role of TNF-a in MS is complex with anti-TNF-o
actually intensifying disease in some cases [121]. Anti-TNF-a therapy is not
widely used in MS therapy, although TNF-a mRNA transcript levels have been
reported to be significantly increased in active MS lesions compared to inactive
ones [122].

Another study revealed abundant expression of ADAM metallopeptidase
domain 17 (ADAM17) within MS lesions. [123] ADAM17 is a member of ADAM
protein family of disintegrins and metalloproteases and is also known as tumor
necrosis factor-alpha-converting enzyme (TACE), due to its role in cleavage of
TNF-a at cell surface. The elevated levels of these proinflammatory cytokines
may promote and amplify MS neuroinflammation. Proinflammatory cytokines
activate macrophages by upregulating the expression of major histocompatibility
complex II (MHC-II) and endothelial adhesion molecules as well as on glial
cells, to further recruit Thl immune cells. This ultimately results in an even
greater demyelination [124]. Paradoxically, TNF-a inhibition has actually been
reported to result in the induction of demyelination of the CNS and worsening of
MS [125, 126].

Another cytokine that has received much attention regarding MS pathogenesis is
IFN-y, which is involved in MS pathogenesis and in EAE. IFN-y is a dimeric solu-
ble cytokine type 2 interferon and was originally described as a macrophage-
activating factor [127-129]. Since then, many targets including endothelial cells
have been described. IFN-y is crucial for both innate and adaptive immunity against
viral and intracellular bacterial infections. It also plays an important role in tumor
control and can cause autoimmune disease if expression is abnormally increased.
IFN-y is involved in a feed-forward loop, where Thl immune cells produce IFN-y
that increases Th1 cells by differentiating CD4+ cells into Thl cells. This positive
cascade occurs concurrently with the decrease of differentiation into Th2 cell. IFN-y
production is also reported to occur before clinical MS relapses [130, 131]. Elevated
IFN-y levels correlate with inflammation within the CNS in MS [132]. A pilot study
of 18 MS patients helped to understand IFN-y’s role in MS pathogenesis [133, 134].
Patients were treated with recombinant IFN-y to assess toxicity and dosage
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responses. IFN-y was given intravenously to three treatment groups. The group
receiving “low dose” was given 1 microgram, “intermediate” was given 30 micro-
grams, and “high dose” was administered 1000 micrograms twice a week for 4
weeks. Although IFN-y was not detected in the CSF, levels in the serum correlated
with administration. Interestingly, during this study, relapse rate significantly
increased with seven patients experiencing relapses. Circulating monocyte bearing
class II surface antigens also significantly increased, from which the investigators
concluded that IFN-y intravenous administration to MS patients has a significant
and negative impact on cellular immunity associated with elevated MS relapse rates.
The investigators therefore recommended a study of specific inhibitors of IFN-y
production or action, on immune cells as a treatment of MS.

An intriguing conclusion from murine-based MS models however is that
interferon-y may be beneficial in these models [135, 136]. Studies in EAE suggest
that IFN-y blockade intensified disease severity with poorer survival; these studies
may reflect strain (JIL/J)-dependent effects. Conversely, the addition of IFN-y
delayed the initiation of EAE. Thus, while EAE is an excellent model of some MS
processes, not all pathomechanisms may be recapitulated by all MS models.

Abnormal Flow and MS Pathophysiology

While still early in its understanding, abnormal flow and pressure pulsations may
also lead to disturbances in vascular endothelial functioning which may contribute
to MS pathogenesis and progression as well as forms of vascular dementias. Because
MS is associated with increased vessel stiffness [137], there may be a decreased
Windkessel component within several vascular components, which lead to an
abnormal and potentially inappropriate communication of pressure waves into
smaller branches of the brain vasculature than would normally be seen in healthy
individuals. Such abnormal pressure phenomena could change endothelial barrier
function and endothelial activation, coagulation, and interactions with support cells
necessary to maintain barrier and other vascular characteristics. In the setting of
chronic neurovascular diseases and other chronic inflammatory phenomena, inflam-
matory cytokines may impair smooth muscle contractility to dysregulate autoregu-
lation; in the face of hypertension, combined with altered vessel distensibility,
autoregulatory failure could also provoke microbleeds. The extent to which this is
communicated to the venous side of the circulation is unclear, but could contribute
to perivascular stress and venous cuffing as well as Dawson’s fingers. In the setting
of Alzheimer’s disease, amyloid-beta may cooperate to provoke similar forms of
vascular stress.

Conclusions

While MS is most widely known as an immune-mediated neurodegenerative
condition within the human CNS which shows extensive myelin sheath damage
and oligodendrocyte injury, these events may occur after or secondary to BBB
disturbances which reveal these previously sequestered epitopes to elements of
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the immune system. Viral and oligodendrocyte protein (MOG, MAG, and PLP)
exposure models may recapitulate phases of MS which “break” this barrier and
expose BBB antigens normally concealed from the immune system. The pro-
gressive, remitting, and relapsing vascular injuries of MS can be observed in
contrast enhancing lesions, which are often vascularly associated, appearing, and
often resolving. Excessive activation of the CNS microvasculature therefore may
support excessive immune cell penetration of the CNS which can lead to repeated
waves of immune cell penetration into the CNS with destruction of brain tissue
seen in MS. Because suppression of endothelial adhesion molecules and their
leukocyte counter-receptors now represents a main approach to MS therapy,
future research into additional endothelial contributions may provide novel
methods to prevent initiation and block persistence, stimulation, and penetration
of immune cells into the MS-inflamed brain.
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Introduction

Great strides in understanding multiple sclerosis (MS) have been made in the areas
of immunology, genetics, and most importantly treatment since the first publication
of this volume. Advances in drug treatment of MS continue to provide newer, more
convenient oral therapies, and potentially more effective options for patients. These
areas have been given greater attention for students of this disorder.

History

Charcot first described MS as a unique disorder in the mid nineteenth century in
Paris. He attributed the original recognition of this disorder to Cruveillier, the famed
professor of anatomy. Others also described the pathological anatomy of the disease
in remarkable detail, but it was Charcot who characterized the clinical illness and
correlated the illness with its unique neuropathology [1]. From the first descriptions
of the illness, it was recognized that MS differed clinically from one patient to
another, with the majority of patients experiencing a relapsing-remitting multiple
sclerosis (RRMS) [1, 2]. Charcot recognized the illness in a minority of patients was
fundamentally different and described them as having an “incomplete” form of ill-
ness [1, 2]. From their first symptoms, these patients manifest signs of a progressive
spinal cord disease without relapses. They are now designated as having primary
progressive (PPMS) [2].

The first person documented to clearly have suffered from MS was a grandson of
King George III of England, Sir August D’Este [3]. The course of his illness
recorded in his diary was edited and published by Douglas Firth in 1947. While MS
is an illness that is more common in the higher socioeconomic strata of society, it is
not limited to the well to do by any means [2, 4, 5]. The disease does, however,
occur predominantly in persons of European descent [2, 4, 5]. African-Americans
have MS diagnosed at approximately half the rate of Caucasians in the United States
[4, 5].

Clinical Features of Multiple Sclerosis

Multiple sclerosis is an illness characterized by relapses of neurological deficits fol-
lowed by remissions with varying degrees of recovery [1-6]. The occurrence and
severity of the exacerbations are unpredictable, although several factors are recog-
nized as increasing the risk of attacks. Patients experiencing their initial attacks of
MS are more likely to recover “fully,” but an experienced neurologist can virtually
always find residual evidence of the previous neurological deficit, no matter how
complete the recovery seems to have been. For example, retrobulbar neuritis heralds
the onset of illness in 10—15% of MS patients. The severity of the visual impairment
varies greatly, with a very small percentage of patients suffering complete loss of
light perception. Recovery of vision generally occurs, but occasionally, especially if
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complete loss of vision occurs, there may be little or no recovery. A skilled exam-
iner can find neurological deficits such as an afferent pupillary defect (Marcus Gunn
pupil) and color desaturation (impaired color vision) in the vast majority of patients
with a history of retrobulbar neuritis who seem to have recovered normal visual
acuity.

Multiple sclerosis is typically manifest by recurrent acute onset of neurological
difficulties reflecting damage to multiple areas of the brain and spinal cord, defined
clinically as “attacks” or “relapses™ [1, 2, 4]. Symptoms associated with these events
typically remit, but subsequent relapses occur unpredictably and may become more
obviously associated with residual disability [1, 3, 4]. It is this dissemination in time
and space that is so characteristic of multiple sclerosis and its principal diagnostic
feature [6-9]. Interval progression between, or in the absence of attacks of illness,
signifies the onset of secondary progressive multiple sclerosis (SPMS) [2]. However,
approximately 10-15% of the overall patient population will develop a progressive
form of illness without relapses, usually appearing in midlife, termed primary pro-
gressive multiple sclerosis, PPMS [2, 10]. This form of illness is slightly more com-
mon in men. This progressive form of MS is approximately three times more
common in Irish and Ashkenazi Jewish populations [2, 10]. Should one or more
exacerbations occur after onset of primary progressive illness at outset, patients
may be designated as having “relapsing progressive MS” [2]. Although in the past,
there has been no agreement that SPMS and relapsing progressive patients differ in
any fundamental way; evidence from new studies shows differences in the micro-
scopic neuropathology of RRMS, SPMS, and PPMS. Lesions associated with acute
relapse in early disease are cellular with abundant CD3+ T cells and do not show
smoldering microglial disease activity. In contrast, in PPMS the central nervous
system (CNS) is largely devoid of focal cellular collections and smoldering lesions
and markers of microglial activation predominate. Secondary progressive patients
have a mixture of four types of microscopic lesions with the presence of CD3+ T
cells, antibody in plaques, and microglial activation as well as inactive plaques. The
majority of the MS population will experience relapsing-remitting illness, but resid-
ual persistent disability may variably follow despite remission [11-13]. The pres-
ence of residual disability following exacerbations does not signify the onset of
secondary progressive illness, however.

Increases in body temperature, or illness, in MS may result in the transient reap-
pearance of neurological symptoms (Uhthoff phenomenon). Despite a previous
remission of clinical manifestations of MS, those same symptoms may appear with
overheating [2]. Although the Uhthoff phenomenon is not an exacerbation, these
phenomena in MS patients are commonly misinterpreted as such. Occasionally heat
exposure appears to acutely worsen the severity of an exacerbation and, in other
circumstances, worsens a minimal or subclinical event making it more clearly
apparent clinically [14]. These events probably reflect the ability of heat to impair
the blood-brain barrier, allowing activated lymphocytes and immunoglobulins to
enter the brain and spinal cord [14].

The most common initial symptoms of MS are sensory disturbances and fatigue
but are often ignored by patients and physicians alike. Perceptions of numbness and
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tingling by the patient may not be accompanied by obvious abnormalities on initial
examination, especially if the patient is not examined completely by a neurologist
at the onset of their symptoms. Almost half of initially recognized exacerbations
principally affect ambulation. Acute paraparesis varies greatly in degree and in
symmetry of the weakness. In many MS patients with motor weakness found by
examination, they describe their difficulty as a “heaviness” in their “leg(s).”
Alternatively, they may seem only to stumble when their foot catches an uneven
area on a sidewalk. The difficulty is often initially recognized only by a family
member or a friend during ambulation. Gait problems may be due to motor difficul-
ties and/or, ataxia. Ataxia may occur as a result of vestibular, cerebellar, or sensory
impairments. Thus, gait difficulty may reflect motor deficits or ataxia due to one or
more problems within the brainstem or spinal cord.

About one out of five or six MS patients will have unilateral retrobulbar (optic)
neuritis as their initial clinical difficulty [2, 11]. Other common symptoms at onset
include diplopia, facial weakness and/or facial myokymia, vertigo, bladder, and
bowel symptoms. Seizures will eventually occur in 10% during the clinical illness
but rarely (about 1%) are a presenting sign of illness [2]. Some symptoms, such as
hearing loss and impaired night vision, can be seen in MS and also acute dissemi-
nated encephalomyelitis (ADEM). The speed of recovery is variable and may be
slow over several months or may not occur at all. Other less commonly recognized
symptoms include extrapyramidal symptoms and a family of paroxysmal manifes-
tations [15].

Recurrent brief (paroxysmal) stereotyped manifestations in MS include paroxys-
mal dystonia or “tonic seizures,” paroxysmal dysarthria, paroxysmal akinesis (“par-
oxysmal falling”), pains (including trigeminal neuralgia and glossopharyngeal
neuralgia), and other difficulties [2, 16]. Lhermitte’s sign is precipitated by neck
flexion and typically consists of transient shocklike sensations radiating down the
neck and back, often into the limbs. It is commonly recognized as a sign of MS
especially when it occurs in the young, although it may occur with compressive
cervical disc disease or spinal tumors. Except for Lhermitte’s sign, these paroxys-
mal symptoms seem to occur in a minority of patients and are often not recognized
as part of the spectrum of illness. When recognized, these paroxysmal phenomena
are of great diagnostic value since they are rarely associated with other illness.
When viewed in a cross section of a patient population, they are evident in only
about 3% of patients. We have found, however, that with long-term follow-up that
paroxysmal phenomena will eventually occur in up to a quarter of patients.
Occasionally paroxysmal dystonia involves all four limbs and the truncal muscles
as well and may be accompanied by severe pain. Fortunately there is usually a
prompt and complete response to carbamazepine in a 400 mg per day dosage, but a
course of parenteral corticotrophin may be needed. Unfortunately, many such
patients are incorrectly diagnosed as having an acute psychiatric problem. These
paroxysmal symptoms are commonly attributed to ephaptic transmission (cross talk
between damaged/demyelinated axons), but we suspect that they may be due to
inflammatory mediators such as leukotriene C, and other leukotrienes, produced by
macrophages. Leukotrienes are extremely potent depolarizing agents. Often the
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time course of these paroxysmal events approximates that of an exacerbation and, if
so, should be considered to be exacerbations.

Although fatigue and fatigability become more prominent with time, especially
during periods of disease activity, they may be prominent presenting signs of
MS. Anxiety, depression, and cognitive issues, also, may dominate the presentation
of illness and may delay disease recognition. In our experience cognitive problems
and accompanying emotional reaction occurring early in the course of illness are
more important than physical disability as reasons for social dislocation and patients
leaving studies or their workplace. A substantial proportion of patients are dis-
missed as “functional” early in the course of their illness due to their observed
emotional status. A recent oral presentation reported the association of MS with
schizophrenia and bipolar disorder, with a rate ratio of 1.42 for schizophrenia and
1.73 for bipolar disorder [17].

A bewildering variety of manifestations may occur in MS, singly or in combina-
tion with other difficulties. These include limb weakness, “useless limb” syndrome
due to severe proprioceptive loss, memory impairment, word-finding difficulty,
acalculia, tremor, unusual nonphysiological patterns of sensory loss, and sexual
impotence, among others [2, 11]. Motor impersistence is common in the MS popu-
lation and accompanies proprioceptive impairment. Geschwind also suggested that
frontal lobe involvement was a likely contributing factor (Norman Geschwind —
personal communication).

Diagnosis of Multiple Sclerosis

Diagnosis of MS is dependent upon the recognition of symptoms and neurological
findings typically accompanying exacerbations of MS and affecting different parts
of the nervous system over time [7-9]. The importance of an accurate history and
physical examination cannot be overemphasized. The senior author’s own observa-
tion is that a relative’s recognition of early manifestations of MS is likely to lead to
the diagnosis of MS in a family member, rather than the contrary as is commonly
believed.

Diagnostic Criteria The recognition of MS was easy for experienced neurologists
in the past. However, long delays in diagnosis were common and many patients
were incorrectly diagnosed. The need for standardized criteria for patients entering
treatment studies led to the formation of an NIH committee headed by Dr. George
Schumacher. Diagnostic criteria have evolved from the 1965 Schumacher criteria
[7], that were established primarily for the selection of research subjects for MS
studies, to the 1983 Poser criteria [8] which for the first time included laboratory
support (magnetic resonance imaging [MRI], evoked response testing, as well as
spinal fluid examination). The 2001, 2006, and now 2010 McDonald criteria are
based on the original criteria but include validated specific MRI features [9, 10].
These new criteria (Table 2.1) allow the identification of “clinically isolated syn-
dromes” (optic neuritis and brain stem or acute myelitis) with very high (80%)
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Table 2.1 2010 RRMS McDonald diagnostic criteria

Objective
Clinical attacks lesions Additional requirement to make diagnosis
>2 >2 Clinical evidence is enough
>2 1 Disseminated in space by MRI or + CSF and > 2MRI
lesions consistent with MS or additional clinical attack
in different site
1 >2 Disseminated in time by MRI or 2nd clinical attack
1 1 Disseminated in space by MRI or await a 2nd attack
Mono-symptomatic implicating a different CNS site and
disseminated in time by MRI or 2nd attack
0 Progressive from 1 in brain 1 year of disease progression plus two of three of the
start 2 in spinal following:
cord Disseminated in space by MRI evidence of 1 or more T2
brain lesions
or > 2 cord lesions
+ CSF

probability of MS. Imaging provides the additional evidence required to establish
the presence of dissemination of lesions both in time and space. Early diagnosis of
MS with earlier introduction of treatment portends a better outcome in the short-
term and prolonged survival, at least for interferon-beta-1a [18, 19]. Consensus
definitions of the clinical subtypes of MS were released by the US National Multiple
Sclerosis Society Advisory Committee on Clinical Trials in Multiple Sclerosis in
1996 and revised in 2013 [20, 21].

Relapsing MS is characterized by clearly defined relapses with either full recovery
or residual deficit, representing about 85% of patients at the outset. Progressive MS is
characterized clinically by the gradual accrual of disability independent of relapses
and can occur with disease onset (primary progressive) or can be preceded by a relaps-
ing disease course (secondary progressive). In most cases, SPMS is diagnosed retro-
spectively after several years of gradual worsening after a period of clinical relapses.
Currently, there are no clear criteria to mark the transition from RRMS to SPMS. The
basis of separating the primary versus secondary progressive forms of MS was derived
from a meta-analysis of the COP1 trial in progressive MS as an antecedent of the
PROMISE trial [22]. The criteria formulated by Thompson et al. grouped suspected
PPMS patients into “definite,” “probable,” and “possible” [21, 23-25]. Multiple scle-
rosis may be seen as a spectrum with an intense focal inflammatory component in
RRMS and more neurodegenerative features with concomitant chronic inflammation
and axon loss in progressive forms of MS [26]. Currently, clinical diagnostic criteria
exist for both forms. A recent publication provides clear differences in the neuro-
pathological findings separating RRMS, SPMS, and PPMS [27].

Another issue impacting on early diagnosis of MS is the quality of spinal fluid
examinations. Importantly, the FDA laboratory standard for oligoclonal banding
testing — isoelectric focusing on agarose gel followed by immunoblotting or immu-
nofixation for IgG with paired spinal fluid and serum — avoids technically inade-
quate studies. The quality of antihuman antibody used in the testing has a major
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Table 2.2 Differential Acquired diseases
diagnosis of MS 1. ADEM vs. CIS (MS)

2. Infectious disease

Syphilis

Retroviral infection
HIV
HTLV-I/1I
3. CNS vasculitis
Granulomatous vasculitis — sarcoid, HIV, etc.

Primary CNS vasculitis

4. Autoimmune diseases — SLE
5. Tumors of the CNS

6. Trauma to CNS

7. Psychiatric illness

Hereditary diseases

1. Leukodystrophies

2. Spinocerebellar diseases

3. Hereditary spastic paraparesis

impact on the results. Evoked response testing is relied upon less, but can be helpful,
especially visual evoked responses [9].

Diagnostic criteria for PPMS were also updated in 2010 and include (1) a mini-
mum of 1 year of disease progression plus two of three of the following: dissemina-
tion in space in the brain or spinal cord or positive CSF, defined as the presence of
OCBs, and/or elevated IgG index [10].

Differential Diagnosis There is a large differential diagnosis, outlined in Table 2.2. In
the past meningovascular syphilis was the “great imitator” and topped the list. Today
a variety of granulomatous diseases and other diseases are considered in the differen-
tial diagnosis, but sarcoidosis and systemic lupus erythematosus (SLE) are the major
differential diagnosis considered. The retroviruses human immunodeficiency virus
(HIV) and HTLV-I/II can rarely present as a granulomatous disease or mimic MS.
Central nervous system lymphoma may require brain biopsy to establish a diag-
nosis, but a positive test for HIV ordinarily rules out the diagnosis of MS. Biopsy is
ordinarily required to make a diagnosis of primary central nervous system vasculitis
(CNS vasculitis). The disorder “CNS vasculitis” is rare and like progressive multi-
focal leukoencephalopathy (PML) is associated with MS-like attacks resulting in
increasing neurological deficit progressing in a stepwise fashion. Unlike PML there
may be at least temporary partial resolution of neurological deficit with high-dose
steroids or pulse cyclophosphamide therapy in patients with CNS vasculitis. Despite
its rarity, establishing a diagnosis of CNS vasculitis is important because it is regu-
larly fatal if not treated aggressively with chronic systemic immunosuppression.
Multiple sclerosis may occasionally present with prominent sensory complaints
and marked, symmetrical weakness of the lower extremities and be mistakenly
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diagnosed as an acute demyelinating polyneuropathy (Guillain-Barré syndrome).
Albumino-cytological dissociation, however, is rarely found in MS.

Symptoms of MS must last 24 hours at a minimum. To be considered a new
relapse, a new symptom or a relapse of a prior symptom must occur at least 1 month
after the previous exacerbation. The symptoms and findings should be of a type
recognized as associated with multiple sclerosis. The diagnosis of multiple sclerosis
is accepted only if it is established by a neurologist [7-10].

PPMS is a more difficult diagnosis to establish. This form of MS presents most
commonly in midlife (about 40+5 years on average), and distinguishing this form of
MS from other potentially treatable illness may be extremely difficult [11, 28].
Manifestations of neurological disease should be observed for at least 6 months before
acceptance as evidence supporting a diagnosis of PPMS. Multiple other disorders
must be ruled out of the differential diagnosis. Syphilis, vitamin B-12 deficiency (sub-
acute combined myelopathy), and retrovirus-associated myelopathy (HI'V-associated
myelopathy and human T-cell leukemia-associated myelopathy (TSP/HAM)) [2, 11,
29] can be easily ruled out by laboratory testing. Antibody testing by Western blot for
HTLV-I/11, if indeterminate, may not be sufficient [30]. Genetic (“PCR,” polymerase
chain reaction) testing in a reliable laboratory test is the most sensitive and specific
test for this purpose. In our experience this test is positive in up to 20% of patients who
are Western blot indeterminate but who are infected with either HTLV-I/II virus [31].
Radiation myelopathy continues to be an important differential diagnosis in patients
with a history of radiation therapy to the head and neck.

Neuroimaging should be carried out to eliminate spinal cord compression, con-
genital abnormalities, and intraparenchymal tumors from consideration. At times,
imaging will not reveal the presence of one or more intraparenchymal spinal cord
lesions that are evidenced by clinical examination, however. The finding of hypo-
thyroidism is common in MS, and myelopathy should not be attributed to thyroid
disease alone. Adrenocortical leukodystrophy and hereditary spastic paraplegia are
easily distinguished from primary progressive multiple sclerosis by the patient’s
infantile age of presentation and presence of a family history [2, 32].

It cannot be overemphasized that repeated clinical visits and examinations over time,
as well as repeated imaging, may clarify the nature of the illness in difficult cases. This
is particularly important when cognitive and emotional issues dominate and obscure the
presentation [3, 11]. The McDonald criteria, however, greatly assist early diagnosis and
justify the institution of treatment. It should be noted that in using the criteria for a clini-
cally isolated syndrome (CIS), the majority will be correctly diagnosed as having MS,
but about 20% of patients may never meet criteria for clinically definite MS. On the
other hand, we regularly document relapses within weeks to months in many patients
with CIS who initially had no evidence of brain lesions in their MRI scans at clinical
presentation. Multiple sclerosis remains a clinical diagnosis [9, 10].

Prognosis

Exacerbation rates in MS patients vary greatly but tend to diminish with increasing
duration of illness [13, 14, 18, 33]. When a patient has established disability,
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exacerbations do not appear to correlate with increasing disability [13]. Pregnancy
has long been thought to decrease the risk of relapse in the third trimester, as shown
in a large prospective study [34]. This is thought, at least in part, to be secondary to
high concentrations of estrogen and progesterone, and phase II clinical trials have
shown a potential role for estriol in treatment of MS [35]. The risk of relapse in the
first trimester, however, is increased. The French study also confirmed a long recog-
nized phenomenon that the risk of exacerbation of MS is markedly increased for
3 months postpartum. This study also showed this risk continued at a somewhat
lower level for the 33 months of follow-up in the study. The importance of infection
as a precipitating factor for exacerbations has long been recognized [36].

Emotional stress and its impact on MS has been the subject of a number of excel-
lent studies [37—40]. All of these studies have consistently shown a correlation
between major life stress and a significantly increased risk of exacerbation of MS. In
aremarkable more recent study, Mohr et al. have demonstrated a correlation between
stress, including “hassles” and the appearance of new active gadolinium-enhancing
brain lesions [40]. The perception of stress, rather than a particular life event, is
related to an increased risk of exacerbation [37—40]. While other factors are thought
to influence prognosis in MS patients, no similar studies of risk factors has addressed
them adequately.

A large number of neurologists at academic centers in the United States and
elsewhere have concluded that the majority of MS patients develop secondary pro-
gressive disease and then progress rapidly to disability. Confavreux et al. have pub-
lished their studies of the natural history of a large population of French patients
[13]. The French workers have concluded that there is no relationship between
relapses and progression, once disability is established. They have further con-
cluded that only 30% of their relapsing-remitting patients had secondary progres-
sive MS. Pittock et al. at the Mayo clinic published important observations of a
10-year follow-up of their MS population from Olmsted County, Minnesota [14].
They too found that disability in the majority of their patients did not progress mea-
surably during the 10-year period of observation. Only 30% of their patients pro-
gressed to needing a cane or a wheel chair, but most patients remained stable despite
the fact that only 15% had received immunomodulatory therapy. It is obvious that
the perception that the vast majority of MS patients develop secondary progressive
disease with rapid progression to serious disability is incorrect. The group in Lyon,
France, has also found that longer periods of follow-up show that patients thought
to have “benign MS” do develop some neurological impairment over 20-30 years
of follow-up. Please see Table 2.3 for a list of proposed prognostic indicators.

Neuroimaging in Multiple Sclerosis

Computerized tomography (CT) neuroimaging for the first time revealed areas of
decreased radiodensity in the brain as well as occasional enhancing brain and spinal
cord lesions in MS. Interestingly, increasing brain atrophy, although reported early,
was largely ignored by the MS community [43-45]. Comparative studies of CT and
MRI revealed the relative strength of MRI in visualizing plaques as well as brain



34

A.A. Lizarraga and W.A. Sheremata

Table 2.3 Prognostic indicators in MS [41, 42]

Favorable Poor
Race Caucasian Black
Age at onset Young (< 35 years) Older (>35 years)
Gender Female Male
Tobacco abuse No Yes

First attack characteristics

Optic neuritis, sensory,
unifocal

Motor, cerebellar, sphincter,
multifocal incomplete

MRI lesion location Cerebral Spinal cord

Brain lesion burden Low High

Lesion enhancement on No Yes

MRI

Recovery after relapse Complete Incomplete

Attack rate Low High (>2 in 1 year)
MS subtype Relapsing Progressive
Disability at 5 years No Yes

atrophy in MS [46-48]. In contrast to the limitations encountered with the use of
CT, MRI has had an important impact on both the diagnosis and subsequent man-
agement of MS because of the relative ease which it can detect white matter lesions
in the brain and spinal cord.

Investigators have sought brain MRI correlations with clinical symptoms of MS,
prognosis of the illness, other laboratory findings, as well as with central nervous
system pathology. Increased T2 signal, reflecting increases in water content of
lesions in hemispheric white matter, was emphasized in earlier studies, but their
presence correlates poorly with symptoms and neurological findings (Fig. 2.1a). In
our initial experience with this imaging modality, we found that very early in the
course of clinical disease, only half of patients with clinically definite MS did have
cerebral white matter lesions [47, 49]. However, almost half of those that did not
have plaques in their brains exhibited spinal cord lesions that were clearly evident
[50]. While, not all cerebrospinal fluids (CSF) had “diagnostic” abnormalities, only
5% of patients did not have either brain MRI abnormality or significant CSF abnor-
mality. In part, the difficulty with the MRI findings in these early studies was related
to technical issues such as image slice thickness, noncontiguous sections, etc. Use
of fluid-attenuated inversion recovery (FLAIR) sequences, which are easier to visu-
alize, has been made practicable by advances in the hardware and software (Fig.
2.1b). Newer acquisition paradigms and the use of gadolinium to identify “active”
inflammatory lesions, in particular, as well as continued hardware improvements
have remarkably improved the quality and utility of MRI. However, not all patients
with MS, particularly those with PPMS, exhibit white matter lesions in their cere-
bral hemispheres. The absence of MRI abnormality does not negate the diagnosis of
MS [9]. We found that after 9-12 years, the same proportion of MS patients will
have white matter lesions evidence by MRI and by pathology, however [47, 49]. In
a recent presentation from the Cleveland Clinic, Dr. Robert Fox revealed that
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Fig. 2.1 MRI scans of the brain of a 19-year-old woman with relapsing-remitting multiple scle-
rosis. Axial T2-weighted (a) and fluid-attenuated inversion recovery (b) views show hyperintense
lesions in subcortical white matter. Axial T1-weighted postcontrast (¢) of the same patient reveals
an enhancing lesion, indicating the breakdown of the blood-brain barrier

approximately 20% of their well-documented patients with progressive MS did not
have hemispheric white matter lesions at necropsy [50]. They do, however, have
cortical as well as spinal cord, i.e., “corticospinal” involvement. Cortical involve-
ment in MS is rarely evident with standard imaging parameters. Double inversion
recovery is capable of documenting about 40% of the cortical lesions found in path-
ological study [51].

A strong correlation between increased volume of cerebral MRI T2 signal and
long-term disability in MS has been reported in patients followed for 5 years after
the onset of a clinically isolated syndrome. However, further follow-up of this
cohort of patients has shown only a moderate correlation at 10 years [52]. A number
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of short-term correlations between stabilization, or reduction, of T2 volumes and
clinical stabilization in patients treated with each of the immunomodulatory drugs
are currently approved. After the initial 5 years of illness, with some notable excep-
tions, changes from 1 year to the next are difficult to see in brain MRI scans. Clearly,
there must be some reservation about the use of T2 lesion volumes for assessment
of longer-term treatment of any kind.

Gadolinium enhancement of white matter lesions is an accepted indicator of
active disease, but enhancing lesions are seen several times more often than acute
exacerbations of illness in multiple sclerosis (Fig. 2.1c). This surrogate measure of
disease activity has been used effectively in preliminary drug efficacy studies to
detect a treatment effect. Despite the earlier negative reports, Leist et al. reported a
correlation between gadolinium-enhancing lesions and the subsequent appearance
of cerebral atrophy [53]. Unlike the earlier studies reporting on correlation, this NIH
study was based on frequent (monthly) gadolinium-enhanced brain MRI studies.

Although T1 hypointensities have been reported to correlate with cerebral atro-
phy, other studies have shown that this type of MRI lesion does not correlate well
with either the amount of demyelination or gliosis in tissue lesions. The lack of
correlation with tissue changes makes it difficult to understand and accept these
observations at face value [54, 55]. Importantly, De Stefano et al. have reported data
supporting a role between early axonal damage and subsequent development of dis-
ability in multiple sclerosis [66].

Brain atrophy progresses at a rate of 0.5-1.0% per year in patients with MS,
considerably higher than the typical rate seen with normal aging at 0.1-0.3% per
year. Once thought to be largely a disease of white matter, MS is now recognized to
have significant manifestations in the gray matter [56]. The volumetric changes
seen on MRI during the course of MS have been correlated with disability progres-
sion and cognitive impairment; however, the quantitative cutoffs to determine phys-
iologic versus pathological brain atrophy in MS remain to be determined.

No evidence of disease activity (NEDA) has been proposed as a potential treat-
ment goal for treatment trials in MS. Elimination of relapses and prevention of
disease progression, including cognitive loss and impaired ambulation, are the clini-
cal goals (Fig. 2.2).

NEDA-3 includes (1) no sustained increase in disability lasting 3 months, (2) no
relapses, and (3) no MRI activity, defined as no new or enlarging T2 and Gad+
lesions. NEDA-4 includes similar parameters, with the addition of no annual brain
volume loss >0.4%. NEDA-3 status appears to correlate with subsequent relapse
and focal inflammatory MRI activity. NEDA-4, in utilizing measures for tissue
destruction at both the focal inflammatory and diffuse level, may be a more compre-
hensive predictor for subsequent disability-related outcomes. NEDA-4 data has
been collected using post hoc analyses of the FREEDOMS and FREEDOMS-II
trials [57, 58].

More advanced imaging methods continue to be explored. Double inversion
recovery (DIR) can be used to demonstrate cortical inflammatory lesions, although
its use is limited by inadequate resolution and inability to identify purely intracorti-
cal, versus juxtacortical or leukocortical, lesions [51]. Diffusion tensor imaging
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Fig. 2.2 Disease-free concept: NEDA-4

(DTI) is used to evaluate the structural integrity of the white matter tracts. DTI can
be used for diffusivity measures including mean diffusivity and fractional anisot-
ropy, which may provide even closer evaluation of tissue integrity and axonal dam-
age [56, 59-61]. The value of proton magnetic resonance spectroscopy continues to
be investigated and has resulted in many claims that are not entirely consistent. The
advent of higher Tesla field strengths, up to ultrahigh-field 7-8 Tesla, has improved
characterization of cortical demyelination, with good pathologic correlation but is
restricted to research studies for safety reasons [62].

It is obvious that MRI is especially helpful in the evaluation of patients early in
the course of their illness. Unfortunately, the question as to the utility of using MRI
or other surrogate measures to evaluate the long-term response to treatment remains
essentially unanswered. Cerebral atrophy may very well be the most valuable
measure.

Other Laboratory Measures

CSF CSF analysis can be helpful if performed in a specialty laboratory. Increased
intrathecal IgG synthesis, measurement of the increase in the proportion of gamma
globulin by CSF electrophoresis, and the presence of CSF oligoclonal bands
increase the likelihood of a diagnosis of MS [7-9, 11]. Neurofilament chains are
potential markers for axonal injury as seen in gadolinium-enhancing lesions in
RRMS and progressive forms of MS [63, 64].

Glial Fibrillary Acidic Protein (GFAP) Concentration CSF GFAP is raised in
SPMS and associated with expanded disability status scale (EDSS) scores [65].
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Evoked Response Testing Visual evoked responses carried out in an established
laboratory too can be helpful in making a diagnosis [9]. Other evoked responses,
brain stem and somatosensory, can be abnormal in other diseases as well as MS, and
the studies are technically more difficult. Spinocerebellar degenerations are often
associated with markedly abnormal auditory evoked potentials, for example.

Epidemiology

To yield useful data epidemiological studies must be carried out by trained person-
nel in large populations with good access to good medical care. A number of good
studies have been performed, and there is evidence indicating that incidence rates
for MS may be increasing.

Age and Sex Distribution Multiple sclerosis of the relapsing-remitting type is more
common in women, about 70% of all patients in most recently studied populations,
including our large southern population, with onset of illness in both sexes by the
age of 30 in two-thirds [11]. Primary progressive MS is slightly more common in
men and typically begins in midlife.

Incidence of MS Incidence is the rate of occurrence of newly diagnosed (MS) cases
per unit of population (usually described per million) per time period, usually
reported on an annual basis. The incidence of MS is relatively low (1-5 per million)
but seems to have increased over the last century [11]. In the United States the most
useful current data comes from Olmsted County, Minnesota, where the incidence
rate increased during the last century from two per million to three times that inci-
dence [11].

A number of confounding factors influence incidence figures. Over the last half
century, there has been a dramatic increase in the number of trained neurologists.
With the advent of effective therapies, more neurologists are interested in MS and
many trained in this subspecialty. Consistent easily interpreted diagnostic criteria,
and improved diagnostic testing (especially MRI), have greatly facilitated making
the diagnosis. Undoubtedly, these factors partly account for the apparent increased
incidence of multiple sclerosis. If we can extrapolate from the experience of neuro-
pathologists, and as reported from Stanford, 1-2% of postmortem examinations
reveal tissue evidence of “demyelinating disease” in the absence of a clinical history
[66, 67]. It is possible that now, given the availability of neurologists, the increasing
awareness of MS, and the diagnostic facilities available, many clinically undiag-
nosed cases in the past would be labeled as having MS.

Despite the low incidence of MS, this illness is the most common cause of
chronic disability in young adults because of the minimal impact on the longevity
currently. The observations in Olmsted County, Minnesota, clearly indicate a real
increase in the incidence, as well as its prevalence, of MS [9].

It is often stated that there are 250,000-350,000 MS patients in the United
States [11]. Figures currently used, however, are not based on any current national
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epidemiological studies. When prevalence figures were reported to be low for the
Southern United States, except for California, there were no neurologists in the
South. In Florida, for example, the first neurologist established a practice in
Florida in 1953 but then entered the military service, a situation similar to many
other areas in the South. The appearance of neurologists in the South since that
time, as in virtually all under-serviced communities in the United States, is bound
to have had a dramatic impact on the recognition and diagnosis of nervous system
disease, especially MS. The impact of MRI on the recognition of neurological
disease has been dramatic, especially for MS. Considering the increased avail-
ability of neurological consultation, improved diagnostic criteria and the avail-
ability to MRI, and improved CSF examination, that larger numbers of MS
patients will be recognized in life. The quoted prevalence of MS appears to be
unrealistically low.

Environmental Factors Myriad environmental risk factors for MS have been
studied with varying degrees of validation. The most robust data supports the
association of prior Epstein-Barr virus infection and smoking and development of
MS [68]. The significant detrimental effect of smoking has been identified in
numerous studies, with a dose-response relationship [69, 70]. Previous infection
with EBV and high antibody titers to Epstein-Barr early nuclear antigen are well-
established risk factors for MS, especially when contracted as an adolescent or
young adult [71, 72].

Other epidemiological factors, which may be associated with an increased risk of
MS, include increased salt intake. Kleinewietfeld et al. demonstrated that elevated
sodium chloride concentrations in human (dietary) and mouse (tissue culture fol-
lowed by studies of dietary intake) models increase proinflammatory Thl7 cells
[73, 74]. Vitamin D may be an early predictor MS activity and progression, though
identification of the optimal Vitamin D supplementation strategies remains undeter-
mined [75]. Unpublished follow-up data beyond 10 years of Aschiero’s study group
of vitamin D shows maintenance of long-term benefit with vitamin D levels greater
than 50 nmol/L. High-dose supplementation with 10,400 IU cholecalciferol daily
has been reported as safe [76]. Adolescent obesity, defined as a BMI of > 27 kg/m?
at age 20, is associated with a twofold increased risk of developing MS. Further
study has indicated an interaction between adolescent obesity and HLA risk genes
in MS [77, 78].

There is a geographical pattern distribution of MS, with higher disease inci-
dence in higher latitudes, though this has become less apparent in recent years in the
setting of globalization [79]. In this context, the “hygiene hypothesis” was intro-
duced by Strachan in the 1980s. It proposes that persons with less exposure to
microbes early in life are more likely to develop autoimmune disorders, including
MS [80]. This hypothesis has fallen out of favor, however, as a result of several stud-
ies evaluating MS incidence and helminthic infection, and the role of the gut micro-
biome in MS has become a focus of research. Nonpathogenic intestinal microflora
may be mediators of autoimmunity in MS [81-85]. There is no longer evidence for
a north-south gradient for MS in the United States.
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Pathology of Multiple Sclerosis

Charcot recognized multiple areas of discoloration and hardness (sclerosis) scat-
tered throughout the brain and spinal cord which he termed plaques (plate like) as
the cardinal features of MS: hence, the diagnosis of sclerose en plaque, or “multiple
sclerosis” [1]. By microscopy, Charcot found that plaques exhibited loss of myelin
with relative sparing of axons and varying amounts of gliotic scarring. He also
described the presence of inflammatory cells, including large numbers of fat-laden
cells. The demyelinated plaque remains the pathological hallmark of this disease
[85].

Early in the disease small plaques are prominent in subcortical white matter [42],
but in the usual necropsy material obtained after many years of disease, large
coalesced plaques are predominantly periventricular [85—89]. No regular associa-
tion between MS plaques and blood vessels was observed by Adams and Kubik [87]
and Zimmerman and Netsky [88]. Subsequently, however, Lampert [89], and oth-
ers, performed whole brain serial sections of a number of cases, including those
previously studied and reported that brain plaques were invariably perivenular [89].
Although oligodendrocyte loss had earlier been reported as a major feature of MS
[87, 88], study of whole brain serial sections did not reveal this to be a consistent
feature [89]. Another important finding is that so-called shadow plaques seen at the
white matter cortical junction are areas of remyelination, rather than areas of incom-
plete demyelination, as had previously thought [85].

In recent years, the neuropathology of MS has been revisited [90-92], and a new
view of the histopathology of MS has emerged based on a study of 51 biopsies and
37 autopsies. A central role for CD4+ T cells and macrophages in the immuno-
pathogenesis of the multiple sclerosis lesions seemed to have been well established
(Fig. 2.3) [91]. Lucchinetti et al., however, have suggested four different types of
neuropathology in MS, pointing to a predominant role for CD3+ cells and macro-
phages in type 1, with antibody-mediated demyelination added in type 2, and to loss
of oligodendrocytes in others [93].

In type 1, in patients where tissue samples were obtained very early, prominent
perivascular infiltrates composed of CD3+ cells and macrophages were present
without IgG or complement. In type 2, a similar perivascular picture was seen,
except that antibody (IgG) and complement, without cells, were seen at the edge of
active demyelination. While prominent loss of myelin basic protein and myelin-
associated glycoprotein was found, remyelination was reported to be prominent in
types 1 and 2. In type 3 and 4, oligodendrocyte loss was prominent, raising the ques-
tion of primary oligodendrocyte pathology. Plaques were poorly defined and not
related to vessels. However, the authors reported that CD3+ (T) cells and macro-
phages were present in all four types of multiple sclerosis pathology included in
their classification contain, a finding in keeping with other recent analysis of lesions
[93]. Their findings that tissue obtained from a small number of patients studied
shortly after onset of their illness revealed prominent CD3+ (T) cells and macro-
phage cellular infiltrates but lacked antibody (type 1) are reminiscent of the findings
of patients who died early in the course of their illness, reported by Lumsden [86].
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Type 2, where antibody is present in the lesions, is seen at necropsy with some fre-
quency and resembles changes seem in chronic relapsing forms of EAE. In EAE the
initial cellular infiltrate is composed primarily of CD4+ cells initially, but this is
followed by the appearance of much large numbers of macrophages that induce the
damage to myelin and oligodendrocytes [94].

Despite the impressive amount of work their report encompasses [93], the
observations that in a proportion of cases the pathology of MS may consist of oli-
godendrocyte loss, with pathology not associated with blood vessels, raises ques-
tions. The numbers of cases are relatively small and many were biopsy specimens,
where sampling necessarily was limited and most importantly not based on study
of whole brain serial sections. Poser had raised other questions about type 1 pathol-
ogy [95]. Recently, in 20 patients of a subset of well-documented subset of 150
progressive MS patients without cerebral white matter lesions, pathological evalu-
ation revealed the presence of cortical pathology with an inflammatory component
extending from the meninges into the cortex [50]. Spinal cord root entry zone
pathology can lead to debilitating pain in MS patients and are rarely identified by
neuroimaging [96, 97].

Pathogenesis of Multiple Sclerosis
Genetics

In the past few years, our understanding of the genetic underpinnings of MS has
exploded due to the advent of large genome-wide association studies (GWAS).
Clustering within families is a well-known phenomenon. Prior to the recent
advances, it was found that in a large MS database in Vancouver and our large
database in South Florida, a 20% familial incidence was present in both data sets.
The Canadian twin study shows a concordance of 31%, similar to other twin stud-
ies [98]. Mothers confer a 20—40 times increased risk to their children, greater for
girls than boys. Other first-degree relatives also have a much-increased risk of
MS [99].

As of press time, more than 159 genetic variants have been associated with an
increased risk of developing MS [100, 101]. For several decades, the major histo-
compatibility (MHC) gene locus located on chromosome 6 has been implicated,
and it is clear that the HLA-DRBI1 gene in the class II region of the MHC explains
up to 10.5% of the genetic variance underlying risk of MS. A monumental linkage
study, conducted by the International Multiple Sclerosis Consortium, evaluated 730
families with multiple cases of MS, further emphasized the role of the major histo-
compatibility (MHC) class Il HLA-DRB1*15:01 allele, as the only variant of sev-
eral genetic loci to achieve statistical significance [102]. Mouse studies also
implicate a strong genetic susceptibility for experimental allergic encephalomyelitis
(EAE) localized to the region of DQBq*602 [103]. The more complete character-
ization of MHC contribution to MS and identification of variants outside the MHC
region were not appreciated until the advent of the era of GWAS. Using large
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Fig. 2.3 Biopsy of a large left frontal lobe plaque from a 29-year-old woman with new onset mul-
tiple sclerosis with recurrent right hemiparesis over 3 months and new mild speech difficulty. (a)
Specimen is stained with Luxol fast blue counterstained with eosin. A new active plaque is shown
which is not sharply demarcated but exhibits prominent perivascular cellularity with varying myelin
damage and relative sparing of axons. The inflammatory infiltrate is composed of lymphocytes
(predominantly CD4 Th; cells) and a large number of macrophages. These cells are predominantly
of hematogenous origin and are considered the perpetrators of tissue damage. These features are in
contrast to chronic or inactive plaques which exhibit relatively few or no inflammatory cells but
contain prominent myelin damage and gliosis. Axonal loss may be prominent. (b) Frontal lobe
biopsy: Luxol fast blue counterstained with eosin. Higher power view showing loss of axons and
more prominent myelin loss. Note that axons that are preserved exhibit variable loss of myelin
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sample sizes, the largest of which numbered 80,095 subjects, this technique identi-
fied 110 non-MHC risk variants in 103 loci. Interestingly, 78% of predicted MS
heritability remains undetermined [104]. Improving whole-genome sequencing
technologies hold promise to identify rare genetic variants.

A limited number of causative gene variants have been identified. The
MS-associated SNP rs6897932, located in the alternatively spliced exon 6 of
IL-7Raq, alters the ratio between the soluble and membrane-bound isoforms of the
protein by disrupting an exonic splicing enhancer [105]. The risk variant
rs1800693 in the tumor necrosis factor (TNF) 1A gene that drives the expression
of a novel soluble form of the receptor that can inhibit TNF signaling mimics the
effects of TNF-blocking drugs that are known to exacerbate MS pathology [106].
Other variants include rs3453644, acting at the tyrosine kinase 2 protein, and
rs12487066 associated with decreased levels of human endogenous retrovirus
Casitas B-lineage lymphoma proto-oncogene B in CD4+ T cells [107, 108]. The
underlying pathogenic mechanisms for these variants remain unclear. The current
collaborative studies arose from early findings by Jersild et al. who found that the
alleles A3, B7, and DR2 [109] occurred twice as commonly in MS as compared
with the unaffected population. They observed that in patients that possessed both
HLA-B7 and DR2, that disease was particularly severe [109]. Many genes impor-
tant in normal immune function and in immune-mediated tissue damage, such as
tumor necrosis factor, are located in the region between HLA-B7 and the DR locus.
Several mutations of genes resident in this area are currently being studied. An
important study looking for single nucleotide polymorphisms (SNP), modeled on
the Crohn’s disease study, is currently under way as part of the human genome
project. As yet there is no single gene, or combination of genes, implicated in the
risk or causation of MS.

Once disease-causing gene variants are identified, the next step is to identify
biomarkers that can predict disease progression. Our understanding of the factors
leading to neurodegeneration and increased disability in progressive MS remains
limited, and genetics may shed significant light on this process.

Several reports have described familial clustering of MS phenotype. The pres-
ence of the HLA-B*44 allele is thought to be associated with better neuroimaging
outcomes [110]. Variants associated with age of onset and a range of radiologic
outlooks include HLA-DRB1*15:01, HLA-DRB1*07:01 and HLA-DRB1*11:04,
and HLA-DRB1%#01:03 [111-114]. The absence of HLA-B5 independently associ-
ates with a marked increase in the severity of MS, as in the Afro-American popula-
tion [110]. Future directions for pharmacogenetics research in MS include
identification of specific genetic variants associated with treatment response, lead-
ing to a tailored therapy approach. SNP genotype data led to the discovery of several
HLA genes and may be used to identify IFN-f super-responders. An important
recent study found an association between the rs9828519 variants, which is intronic
to SLCY9A9 and implicated as a regulator of proinflammatory lymphocyte activation
and MS disease response and nonresponse to IFN-f [115, 116].

Studies of migrant populations have suggested the presence of an environmental
factor. Although generally interpreted as evidence that a viral infection is playing a
role in multiple sclerosis, no conclusive evidence of a specific virus playing a role
in multiple sclerosis has been produced [11, 71, 117, 118].
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Myelin Biochemistry

The genetic basis of a number of leukodystrophies has been firmly established. Of
these disorders, the most common are adrenocortical leukodystrophy and metachro-
matic leukodystrophy. At one time both were considered to have some relationship
to MS [2, 11]. Of some importance is Marburg’s disease, sometimes referred to as
“acute multiple sclerosis,” which has been attributed to a defect in myelin basic
protein (MBP) synthesis and structure [119]. Work on alterations of the 3D struc-
ture of MBP and relationship to various demyelinating disease continues.
Interestingly, several mutations of the proteolipid of myelin are causative of
Pelizacus-Merzbacher disease, another leukodystrophy, as well as several types of
hereditary spastic paraparesis. These disorders ordinarily should not be confused
with MS because of early age of presentation of the leukodystrophies, their inexo-
rably progressive course, and their familial setting.

Immunology

Multiple sclerosis is now generally accepted as an immune-mediated illness
although its pathogenesis is incompletely understood. The occurrence of MS fol-
lowing about a third of cases of acute disseminated encephalomyelitis complicating
infections [120-122] as well as after immunizations, including Semple vaccine
(containing spinal cord and killed virus), suggested an autoimmune origin. Although
EAE has been studied in animal models for decades, the primary impetus was to
elucidate the nature of the immune response [123]. These studies have also provided
insight into the pathogenesis of MS as well. Transfer of EAE from immunized to
naive animals was first successfully accomplished using lymph node cells but not
antibody, thus pointing to a central role for lymphocytes [123]. Nevertheless, anti-
body from immunized animals, and patients with MS, can induce demyelination
in vitro [60, 61].

T cells play a primary role in the pathogenesis of EAE, irrespective of the ner-
vous system antigen used to induce disease [124—127]. A consensus has developed
that T cells are the primary effectors both in MS and in EAE [127]. Nevertheless, B
cells, plasma cells, and antibody can be found both in EAE pathology and in MS
plaques [92, 93]. Despite their emphasis on other findings, these recent studies of
pathology in MS show that the predominant cells in active lesions are lymphocytes,
in particular CD3+ T cells, and macrophages [93].

Multiple injections of the whole spinal cord were used to induce EAE in early
studies, but single immunizations of equivalent amounts of purified myelin or MBP
combined with adjuvants were shown to be very effective in disease induction
[127]. Myelin proteins other than MBP have also been investigated, notably proteo-
lipid and myelin oligodendrocyte glycoprotein (MOG). Proteolipid protein can
induce forms of experimental disease in animal models and, although antibody as
well as T cells reactive to this antigen may be present in plaques, no role for sensi-
tization to this antigen has been established [127]. However, an interesting EAE
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model in marmosets induced using MOG indicates that antibody may mediate
demyelination [128, 129]. Passive transfer of the disease by serum from MOG-
sensitized animals has been accomplished [129]. However, T cells (CD4+ Th2,
rather than CD4+ Thl cells) may be the primary mediators of myelin damage in
MOG-sensitized marmosets [129]. The situation is complicated by the fact that
CD4+ cells reactive to MBP, capable of inducing EAE, are present in naive animals
as well as in these immunized animals coincidently with anti-MOG antibody [129].
Anti-MOG antibody has been reported at the outset of MS and is common in RRMS
[130, 131]. In contrast to anti-MOG antibody being limited to MS relapse, CD4+
cells reactive to MOG are ubiquitous [132].

Antigen presentation by MHC class I or MHC class II by antigen-presenting
cells (APC) to T cells results in the initiation of immune responses: antibody pro-
duction or a cellular immune response. Activated CD4+ T helper (Th) cells fall into
three functionally distinct classes, Th1 and Th2, and Th17 with distinctive profiles
of lymphokine production. Following antigenic stimulation CD4+ Thl cells pro-
duce interleukin-1 (IL-1), IL-2, IFN-y, and tumor necrosis factor a (TNF-a) are
postulated to mediate inflammatory pathological processes in immune-mediated tis-
sue damage seen in MS and EAE [133]. In contrast, Th2 cells produce 1L-4, IL-5,
IL-6, and IL-10 and induce upregulation of antibody production and downregula-
tion of Thl cellular responses (Fig. 2.4) [133]. The observed failure of increased
production of the regulatory cytokine IL-10, by myelin-reactive T cells in MS by
Ozenci et al. in Sweden, has recently been confirmed by Cao et al. at MIT [134,
135]. More recently a role for Th17 helper cells in a large subpopulation of MS
patients has been identified and characterized. Sera from interferon-p-1a treatment
failure patients from Denmark were shown to contain IL-17F. Naive patients that
had IL-17F and elevated levels of endogenous INF-f failed to respond to IFN-p-1a
subsequently also. These IFN-f failure MS patients resemble EAE animals induced
by Th17-polarized cells [136, 137].

Macrophages are the principal sources of IL-1, IL-12, and TNF-a, driven by IL-2
production from antigen-activated CD4+ cells. Importantly, IL-12 production is
IFN-y dependent and TNF-a production is IL-12 dependent [138]. Traditionally the
macrophage was considered to be the principal APC, but B cells are now recognized
as important in this task. However, macrophages are central effector cells in cell-
mediated immunity. After antigen presentation, CD4+ cells respond by clonal prolif-
eration and recruitment of other CD4+ cells to participate in the initiation of cellular
immune responses. Cytotoxic CD8+ cells, driven by IL-12, may exert their effect
directly or target antibody complexed with antigen on target tissue, i.e., antibody-
dependent cytotoxicity [127, 139]. Macrophages may also target these complexes.
The spectrum of CD4+ Th2 responses includes a regulatory role in switching of
CD8+ cell cytotoxic function to active suppression of CD4 Thl responses, suppres-
sor T cells. In the CNS microglial cells can function as APC and exhibit certain other
macrophage behaviors including an anti-inflammatory response.

The blood-brain barrier (BBB) is a physical barrier that prevents intravascular
cellular elements, antibodies, and other proteins free access to the brain and spinal
cord [138]. The endothelial cells in the brain and spinal cord possess tight junctions
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Fig. 2.4 A model of immunopathogenesis of multiple sclerosis. Following exposure to certain
environmental antigen(s) in genetically susceptible individuals, myelin-reactive T cells migrate
from peripheral circulation to the central nervous system. Interaction between activated T cell and
cerebral endothelial cells leads to upregulation of the adhesion molecules (E-selectin, vascular cell
adhesion molecule, intercellular adhesion molecule, mucosal addressin cell adhesion molecule,
and platelet endothelial cells adhesion molecule). Transendothelial migration of reactive T cells is
heralded by the disruption of the blood-brain barrier, which is in part mediated by the activities of
the matrix metalloproteinases. Matrix metalloproteinases digest the activated T cells (such as
TNF-a and IFN-y) and upregulate the expression of cell surface molecules on antigen-presenting
cells (in this figure, glial cell). Binding of putative multiple sclerosis antigen (e.g., myelin basic
protein and myelin oligodendrocyte glycoprotein) by the trimolecular complex T-cell receptor and
class IT major histocompatibility molecules on the antigen-presenting cells precipitates a massive
inflammatory cascade, which leads to production of both pro- and anti-inflammatory cytokines.
This inflammatory reaction ultimately results in loss of myelin-oligodendrocyte complexes

that are impervious to intravascular fluids as well as nonactivated cells. These endo-
thelial cells are also surrounded by astrocytic foot processes that further support and
maintain the integrity of the BBB. However, activated CD4+ cells do cross the BBB
[140-145]. However, the BBB is an actual physical barrier which may be breached
only in an organized and well-orchestrated fashion [140, 145, 146]. The
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mechanisms of cellular transmigration across the blood-brain barrier are now well
understood [140-146].

Interleukin-17 and Type 17 Helper T Cells

T cells were found to produce cytokines that could not be classified into either the
Th1 or Th2 scheme detailed above. Primary among these cytokines is interleukin-17
(IL-17), and the cells that produce IL-17A have been named Th17 cells. Other cyto-
kines produced include IL-17F, IL-21 and IL-22, IL.-26, and TNFa. Their important
role in the pathogenesis of MS is increasingly recognized [147, 148]. In vitro stud-
ies have suggested that Th17 cells can permeate the blood-brain barrier, and ele-
vated levels of IL-17 have been detected both in serum and CSF in some patients
with MS [149]. In addition, an increase in IL-17 mRNA has been detected in MS
plaques at autopsy [150, 151]. Th17 cells can induce and regulate tissue inflamma-
tion. In the setting of chronic inflammation and autoimmunity, initially studied in
rheumatoid arthritis, signaling through Th17 receptors induces production of
inflammatory cytokines such as IL-6, IL-1, TNF, IL-8, and matrix metalloprotein-
ases [147]. A recent study has implicated glutamate excitotoxicity as a possible
effector mechanism for inflammation in MS [152]. Studies to elucidate the role of
Th17 cells in MS are ongoing. Secukinumab, a selective anti-IL-17A monoclonal
antibody, is being studied as a potential treatment for MS [153].

Adhesion Molecules

Venules control CD4+ and other cell migration from blood into the nervous system.
Attachment requires cellular adhesion molecules and endothelial counter receptors
to overcome the considerable shear stresses produced by blood flow. Adhesion mol-
ecules on CD4+ cells and macrophages act as functional anchors forming stable
bonds with their ligands on the vascular wall. In addition to functioning as mechani-
cal anchors, adhesion molecules function as tissue-specific recognition molecules
[140-146].

Entry of CD4+ cells and macrophages into the CNS is accomplished by a series
of steps including tethering or rolling, adhesion (binding), and finally transendothe-
lial migration across the BBB [141-146]. Subsequent to their egress, they migrate
through the extracellular matrix in the CNS. Selectins mediate the initial step of
tethering leading to rolling [146, 154, 155] but selectin-mediated bonds are revers-
ible. To arrest these cells on the endothelium, these low-affinity interactions must be
supplemented by high-affinity adhesion molecules, the integrins [153, 154]. The
integrins, including a4f1-integrin (VLA-4), are members of the endothelial immu-
noglobulin superfamily [156, 157]. The predominant function of the f2-integrin leu-
kocyte function antigen-1 (LFA-1) and o4-integrins (integrin-oa4f1/VLA-4) is to
bind the cells to their ligands intercellular adhesion molecule-1 (ICAM-1) and vas-
cular cell adhesion molecule (VCAM-1) [155-157]. Blocking of attachment of the
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o4 moiety on lymphocytes by natalizumab is highly effective treatment in MS but is
complicated by a risk of progressive multifocal leukoencephalopathy (PML) [158].

Selectins expressed on leukocytes (P-selectin and L-selectin) and endothelium
(E-selectin) result in rolling and slowing of the cells. P-selectin and its ligand
PECAM-1 appear to play a special role in EAE and MS [159, 160]. As cells roll and
are slowed by the interaction of selectins and their ligands, they respond to endothe-
lial cell chemokines. Specific chemokines are fixed on the endothelial surface and
are molecular signals that direct cells to tissues and with specific adhesion mole-
cules confer organ specificity [145]. Chemokines are divided into four families that
are specific for different T-cell subgroups [145]. Distinctive chemokine receptors on
Th1 cells include CCRS and CXCR3. In MS, all of the infiltrating Th1 cells express
these chemokine receptors [161]. They play a central role in the egress of specific
lymphocyte subgroups into specific target organs. Selectin binding to ligand is an
activating signal that induces rapid activation of a4-integrins and P2-integrins
[155-157].

From the first availability of IFN-f, about half of the population placed on this
drug did not appear to benefit from it. In a prospective study, Byun and coworkers
found that half of MS patients placed on IFN-f were “super-responders” [162].
They found that a number of genes were expressed in this super-responder subpopu-
lation following their first dosage, and this predicted the clinical response.
Interestingly, these genes included heparan proteoglycans [160]. Further support for
the identification of IFN-P responder/nonresponder populations followed with a
report by Axtell et al. in 2010 [136]. They reported that serum from Danish IFN-
B-1a nonresponders contained IL-17. Most recently the evidence correlating
response or nonresponse to IFN-f3 to polymorphisms of a specific gene rs9828519,
a sodium-hydrogen channel, has been published [115]. Apart from illuminating the
mechanisms of the drug response, these observations hopefully will help identify
potential “super-responders” and assist in advising them in regard to their therapeu-
tic choices for MS. This should reduce the human and financial cost of treatment
failure in managing MS.

T-cell vaccine studies are continuing. The initial approach was to remove immu-
nocompetent cells from patients by immunizing them with antigen analogous to
V-beta chains of T-cell receptors that are capable recognizing encephalitogenic
fragments of MBP. More recent studies have focused on using CNS antigen-
stimulated cells from the patient’s own T-cell repertoire and, following irradiation,
infusing these autoreactive cells back into the donors. There has been a remarkable
impact on reducing sustained progression of disability patients with RRMS, and the
current study is hoping to replicate these findings in patients with SPMS. A prelimi-
nary report in RRMS was encouraging for progressive MS [163].

Treatment of Multiple Sclerosis

Treatment issues in MS generally fall into four categories. These are (1) symptom-
atic treatment; (2) treatment of acute MS exacerbations; (3) reducing the risk (“pre-
vention”) of future exacerbations and, more importantly, reducing the risk of
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sustained increases in disability; and (4) neurological rehabilitation. In recent years
there have been advances in each of these four areas.

In the past, treatment of MS was limited to empirical management of symptoms,
i.e., symptomatic treatment. Most treatments were untested and were of question-
able value, at best. Interested readers are referred to the Diary of Augustus D’Este
where descriptions of treatments employed are recounted [3]. Treatments were
really generic, ineffective, and sometimes dangerous remedies such as cathartics,
enemas, and bloodletting. Many ineffective empirical treatments continue to be
offered by misguided individuals and quacks.

Symptomatic Treatment

Symptomatic treatment covers many areas, but only a few specific issues will be
dealt with in this review. Fatigue, spasticity, and bladder symptoms are among the
most important areas. Also important is the management of the paroxysmal disor-
ders: paroxysmal dystonia, paroxysmal akinesia, paroxysmal dysarthria, trigeminal
neuralgia, facial myokymia, and hemifacial spasm. Treatment can be dramatically
effective.

Fatigue is a prominent complaint in the majority of patients. In reality, the fatigue
of which patients complain is predominantly fatigability, although the occasional
patients with severe exacerbations may awaken with overwhelming fatigue. The
first drug for fatigue to be evaluated in double-blind trials (and shown to effective)
was amantadine HCl (Symmetrel®) [164]. A dose of 100 mg twice daily is an effec-
tive antiviral, initially virtually preventing all influenza type A infections and 90%
of type B infections and a lower but important risk reduction for other paramyxovi-
rus infections. The sustained reduction of fatigue observed in the majority of patients
is presumably due to its weak dopamine agonist properties, rather than an antiviral
effect. In addition, a variety of adrenergic drugs have been used to treat fatigue, but
tolerance tends to develop quickly and habituation is also problem [165]. Modafinil
(Provigil®), a more selective member of this family of drugs appears safe and toler-
ated in small (200 mg) daily doses [166]. Unfortunately, in our experience, toler-
ance seems to develop quickly too. A matter of concern is that in vitro adrenergic
drugs appear to promote cellular immune mechanisms, calling into question their
use in fatigue management. Fatigue and depression commonly coexist, and fluox-
etine (Prozac®) is commonly used to manage these patients. Interestingly, fluox-
etine has immunomodulatory properties, with resultant increases in the Th2
lymphokines, IL-4, and TGFp [167]. Fatigue lessens in patients who stabilize clini-
cally, spontaneously, or in conjunction with immunomodulatory therapy.

Mobility

Dalfampridine (Ampyra®) was approved in 2010 for the improvement of walking abil-
ity. It is a nonspecific potassium channel blocker that is thought to improve conduction
in focally demyelinated axons by delaying repolarization and prolonging duration of
action potentials. Enhanced neuronal conduction is thought to strengthen skeletal mus-
cle fiber twitch activity, resulting in improved motor function [168—170].
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Spasticity continues to be a major problem in MS patients [2]. Diazepam
(Valium®) was the first drug to be proven to reduce spasticity in MS, and it contin-
ues to be a very helpful drug. The use of single oral dose of 5 mg at bedtime is
convenient and cost-effective treatment in a large proportion of patients with mild-
to-moderate spasticity. Occasionally, a small additional dose can be added in the
morning, but the long half-life of the drug usually makes that unnecessary or unde-
sirable. Baclofen (Lioresal®) is an important and useful drug that is less frequently
associated with sedation than diazepam, even at high doses. The oral form of the
drug, which is a racemic mixture, does not seem to have a predictable dose response
in many patients, however. In contrast, those patients with severe refractory spastic-
ity predictably respond to intrathecal baclofen [171]. This, in part, reflects the addi-
tion of l-baclofen to the racemic forms of baclofen for intrathecal use. Use of the
intrathecal drug requires the implantation of a pump to deliver the drug, however
[171]. Tizanidine (Zanaflex®), an alpha-2-adrenergic agonist, has good dose-
response characteristics [122]. On the negative side, tizanidine has a short half-life
and 40% of patients experience prominent fatigue and dry mouth as side effects. In
some patients use of tizanidine avoids the necessity of pump implantation and there-
fore is a welcome alternative [172]. Hopefully, in the future an oral formulation of
I-baclofen will advance to phase III studies and become a clinical option.

Bladder dysfunction occurs in the majority of patients, largely due to hyperre-
flexia of the detrusor muscle. However, dyssynergia accompanies this in 90% of
cases. Managing urinary frequency is usually attempted with the use of low doses
of anticholinergic and oral baclofen, but is often unsatisfactory. Often a single dos-
age of an anticholinergic drug before retiring at night and prior to occasional social
outings is more satisfactory than a multiple doses. Incomplete emptying is usually
best handed by intermittent catheterization. The management of infections is very
important. Avoidance of antibiotics for unproven infections, and obtaining bacterial
sensitivities for each infection, is crucial to avoid pseudomonas infections. Often
chronic use of oral ascorbic acid 2—4 g daily with hippuric acid 2 g daily to acidify
the urine together with six to eight glasses of water successfully prevents recurrent
infections. Mirabegron (Myrbetrig®) is a remarkable new adrenergic drug for
hyperreflexic bladder with incontinence [173].

More extensively studied in spinal cord injury, botulinum toxin A has recently
been approved as an effective alternative for uncontrolled neurogenic detrusor over-
activity resulting in incontinence in patients with MS [174, 175]. It is clear that good
bladder management significantly contributes to quality of life [176].

Management of the paroxysmal disorders is relatively simple in most patients
once they are recognized and identified by physicians [2]. Paroxysmal dystonia (or
tonic spasms), paroxysmal akinesia, trigeminal neuralgia, facial myokymia, and
hemifacial spasm are often successfully managed with modest doses of anticonvul-
sant drugs. However, the response in patients with paroxysmal dysarthria tends is
less predictable. For patients requiring treatment, carbamazepine in doses of 100 mg
orally three times daily controls about 70% of these disorders and 400 mg daily
increases the response rate to 80—-85%. Higher doses sometimes are helpful but the
addition of a second anticonvulsant is often more effective. Some patients require
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two or more drugs, including gabapentin and topiramate, to control these symp-
toms, but often carbamazepine can be withdrawn if the second drug is effective
[177]. The use of corticotrophin (ACTH) intravenously or intramuscularly, but not
steroids, is sometimes necessary to gain control of the situation [178].

Treatment of Acute Exacerbations

In the past management of MS exacerbations consisted principally of continuous
enforced rest [2]. At the onset of an exacerbation, rest relieves (or prevents) fatigue.
Thankfully, the injudicious use of extended periods of rest has given way to the
enthusiastic use of physical rehabilitation.

The senior author’s career has spanned the era of validation and FDA approval of
corticotrophin (adrenocorticotropic hormone/ACTH) [122] and the subsequent
introduction and use of high-dose intravenous steroids for the management of exac-
erbations of multiple sclerosis. Dr. Leo Alexander, Harvard Medical School, ini-
tially used corticotrophin because steroids (that he hypothesized should be helpful)
were not available (personal communication). The effectiveness of corticotrophin
was established by multiple controlled trials, the first for any MS treatment [178].
The pivotal trial was a multicenter double-blind placebo-controlled trial was pub-
lished in Neurology 1970 and became the basis of the FDA approval in 1978. No
other drug has been validated as an effective treatment for exacerbations of
MS. However, 40 years ago neurologists at the Montreal Neurological Institute,
including the senior author with other MS physicians, first employed high-dose
intravenous steroids in patients diagnosed with MS. The use of high-dose parenteral
steroids was limited to patients who had lost vision, in one or both eyes due to optic
neuritis, or who were acutely paraplegic due to acute myelitis. In retrospect, these
patients probably had neuromyelitis optica rather than MSS. On the basis of the anal-
ogy with trauma and tumor management, it was hypothesized that that acute severe
edematous swelling of the optic nerve or spinal cord resulted in complicating isch-
emia due to the limited capacity to expand within the dura spaces. Although patients
often improved rapidly, frequent complications of high-dose therapy problems were
encountered. Gastrointestinal complications are now rare, but psychiatric distur-
bances, infectious complications, osteoporosis, and aseptic necrosis of the hip and
other bones which are side effects are not rare. Despite weak evidence of benefit
from the single-blind (intravenous) optic neuritis treatment trial indicating short-
term benefit [178, 179], no well-organized appropriate sized, double-blind trials
have been carried out to date. The double-blind oral steroid use portion of the optic
neuritis trial showed clearly that oral steroids were deleterious to patients with optic
neuritis (most of whom would develop clinically definite multiple sclerosis).
Fatients receiving oral steroids subsequently experienced a doubled relapse rate of
optic neuritis, apart from other manifestations of MS compared with oral placebo
recipients. A German trial has confirmed experimental observations of increased
damage from the use of steroids equivalent to doses used in human [180]. In patient
with optic neuritis treated with steroids, treatment is associated with damage to the
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affected optic nerve that can be reduced by the concomitant administration of eryth-
ropoietin [181]. We interpret these results as evidence that oral steroids, alone,
should not be used in the management of MS. It is important to note that a neuro-
protective effect for neurons from corticotrophin is well established [182—184].
Methylprednisolone, however, has recently been shown to induce programmed cell
death (apoptosis) of neurons [180]. Because of the effectiveness, and the neuropro-
tective effect, of corticotrophin, we continue to favor its use.

A trial of natalizumab for the management of acute exacerbations failed to influ-
ence the outcome of such clinical exacerbations [185]. The drug, however, did
reduce the risk of new MRI brain lesions over the subsequent 12 weeks following a
single infusion. Despite its failure to induce a more rapid recovery from exacerba-
tions, natalizumab did improve the sense of well-being of the drug recipients, also.
Benefit was observed in subsequent studies aimed at reducing the risk of MS exac-
erbations and/or sustained increase in disability also.

Reduction of Multiple Sclerosis Exacerbations and Disability

For more than a decade and a half, there has been intensive study of several drugs
and their potential value in reducing the risk of exacerbations in MS. As a corollary
to this outcome, there has been increasing emphasis on their potential impact on
reducing the risk of disability due to this disease. At press time, there are ten FDA-
approved disease-modifying therapies for relapsing MS (see Table 2.4).

The first drug to be approved (1993) to reduce the frequency of MS exacerba-
tions of (33% reduction) was IFN-p-1b (Betaseron®) [186, 187]. The drug also had
a remarkable effect, significantly reducing the burden of disease as measured by
brain MRI T2 lesion volumes [187]. Unfortunately, use of IFN-B-1b is consistently
associated with flu-like symptoms and local inflammatory reaction at the injection
site.

The drug IFN-f-1a is produced using mammalian cell lines and the authentic
human genetic sequence, unlike IFN-fB-1b that has two genetic alterations and
which is made using coliform bacteria. IFN-f-1a is rapidly absorbed from the injec-
tion site and local reactions as well as neutralizing antibody formation are less.
Avonex® brand of IFN-f-1a was approved in 1996 as a result of a study using 30
micrograms intramuscularly once weekly [188]. Risk of sustained disability for
24 weeks, the primary outcome measure, was reduced for drug recipients to 21.9 vs.
39.7% for placebo recipients in the study. Relapse risk was also reduced, 0.61 vs.
0.90 for those who completed the 104 weeks of the trial. However, data analysis
employing “intent-to-treat analysis” showed a reduction in the risk of relapses with
active drug treatment of 0.61 vs. 0.82 for placebo. The latter results reflect the fact
that 40% of the patients did not complete the study because study drug was not
available. Subsequently, the benefits on disability prevention were shown to be sus-
tained [189].

A large three-arm pivotal (PRISMS) trial was reported in 2002, showing results
resembling those reported for IFN-f-1b [190]. Subsequently, after additional
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Table 2.4 Commonly used disease-modifying therapies in RRMS

Name of Year of Dosing Proposed
medication approval | regimen mechanism of action | Important side effects
Injectables
IFN-B-1a 1996 Once a week; | Modulates T-cell and | Flu-like symptoms,
Avonex® intramuscular | B-cell function, depression, anemia,
injection; 30 decreases expression | elevated LFTs, allergic
mecg of matrix reactions
metalloproteinases,
interferes with
blood-brain barrier
disruption, alters
expression of
cytokines [121]
IFN-B-1a 1996 Three times a | As above Flu-like symptoms,
Rebif® week; injection site reactions,
subcutaneous blood dyscrasias,
injection; 44 depression, elevated
mcg LFTs, allergic reactions
Pegylated 2014 Every 14 days; | As above Flu-like symptoms,
IFN-B-1a subcutaneous injection site reactions,
Plegridy™ injection; 125 depression, anemia,
mcg elevated LFTs, allergic
reactions, cardiac
abnormalities
IFN-B-18 1993 Every other As above Flu-like symptoms,
Betaseron® day; injection site reactions,
subcutaneous allergic reactions,
injection; 250 depression, elevated
mecg LFTs, leukopenia
IFN-B-18 1993 Every other As above As above
Extavia® day;
subcutaneous
injection;
0.25 mg
Glatiramer 1997 Every day; Stimulates Injection site reactions;
acetate subcutaneous | regulatory T cells, idiosyncratic reaction
Copaxone® injection; neuroprotective and | including anxiety, chest
20 mg OR repair mechanisms pain, palpitations, SOB,
three times a [121] flushing; vasodilation
week;
subcutaneous
injection;
40 mg

(continued)
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Table 2.4 (continued)

Name of Year of Dosing Proposed
medication approval regimen mechanism of action | Important side effects
Oral drugs
Fingolimod 2010 Every day; Sphingosine-1- Headache, flu, diarrhea,
Gilenya® capsule taken | phosphate receptor back pain, elevated
orally; 0.5 mg | modulator that LFTs, cough, prolonged
inhibits the QT interval/bradycardia
migration of T cells | following first dose,
from lymphoid infections, macular
tissue into the CNS edema
[123]
Teriflunomide | 2012 Every day; pill | Interferes with de Hair thinning, diarrhea,
Aubagio® taken orally; novo synthesis of flu, nausea, abnormal
7 mgor 14 mg | pyrimidines by LFTs, paresthesia,
inhibition of leukopenia,
dihydroorotate hypertension, hepatic
dehydrogenase, injury
leads to blocking
cell replication in
rapidly dividing cells
Dimethyl 2013 Twice a day; Unknown; possibly | Flushing,
fumarate capsule taken | via action on nuclear | gastrointestinal effects,
Tecfidera® orally; 120 mg | factor erythroid2- rash, proteinuria,
for 1 week and | related factor 2, elevated LFTs, blood
240 mg which upregulates dyscrasias
thereafter antioxidative
pathways; inhibition
of the translocation
of nuclear factor-kB
and therefore
inhibits cascade of
inflammatory
cytokines,
chemokines, and
adhesion molecules
[124]
Infusions
Natalizumab | 2003 Every 4 weeks | Binds a4-integrin PML, allergic, or
Tysabri® by IV; 300 mg. | and blocks hypersensitivity
interaction with reactions within 2 h of
leukocytes with infusion, headache,
vascular cell fatigue, urinary tract
adhesion molecules, | infections, depression,
resulting in inhibited | respiratory tract
migrations of infections, joint pain,
leukocytes from the | gastrointestinal effects,
blood into the CNS | vaginitis
[122]
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Table 2.4 (continued)

Name of Year of Dosing Proposed
medication approval regimen mechanism of action | Important side effects
Alemtuzumab | 2014 Intravenous Targets CD52, Autoimmune disorders
Lemtrada™ infusion on depletes including thyroid and
five lymphocytes ITP, renal failure, rash,
consecutive headache, fever, nasal
days, followed congestion, nausea,
by intravenous urinary tract infection,
infusion on fatigue, insomnia,
three upper respiratory tract
consecutive infection, hives,
days 1 year itching, fungal
later; 12 mg infection, arthralgias,
diarrhea, vomiting,
flushing, infusion
reactions

studies, a head-to-head trial of Rebif® vs. Avonex® was undertaken [191]. The
16-month trial benefit favored Rebif® at each time point in the study. However, the
“survival” curve of Avonex® appeared to approach that of Rebif® as the study pro-
gressed, however. The PRISM trial extension did show more benefit for patients at
the higher dose who initially had received placebo and who were switched to either
22 or 44 micrograms three times weekly [192, 193].

Pegylated IFN-f-1a (Plegridy®) was approved by the FDA in 2014 and is admin-
istered subcutaneously at 2-week intervals at a maintenance dose of 125 pcg
/0.5 mL, available both as a pen injector and prefilled syringe. It is an IFN-p-1a to
which a single, linear 20,000-dalton methoxy poly(ethyleneglycol)-O-2-
methylpropionaldehyde molecular is covalently attached to the alpha amino group
of the N-terminal amino acid residue. The efficacy of Plegridy® was demonstrated
in the ADVANCE study, a randomized, double-blind, placebo-controlled study of
RRMS that examined clinical and MRI outcomes at 48 weeks, comparing the treat-
ment group against placebo. The primary outcome of related reduction of annual-
ized relapse rate over 1 year was met, with statistically significant (p=0.0007)
relative reduction of 36%. MRI outcomes at 48 weeks showed a 67% relative reduc-
tion of mean number of new or newly enlarging T2 hyperintense lesions and 86%
relative reduction in the mean number of Gd-enhancing lesions (p<0.0001) [194].
The side-effect profile is quite similar to that of Rebif®, including flu-like symp-
toms, injection site reactions, hepatic injury, and depression. The dose-frequency
blinded extension study (ATTAIN) is ongoing.

Glatiramer acetate (Copaxone®) was approved in 1997 as a result of a double-
blind placebo-controlled trial [195]. The outcome of the trial was a 30% reduction
in the risk of relapse for glatiramer, compared with placebo, similar to the IFN-f§
studies. A follow-up of a subset of patients by the original investigators has shown
apparent robust long-term benefits with the majority of the study subjects stabilized
[196]. This information has become part of the package insert. More recently in the
Glatiramer Acetate Low-Frequency Administration (GALA) study, glatiramer
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acetate at a dose of 40 mg/mL administered subcutaneously thrice weekly com-
pared to placebo showed a 34.0% reduction in risk of confirmed relapses, and this
new dosing regimen is now approved for use [197].

A marked reduction of gadolinium lesion enhancement has been found following
initiation of IFN-B-1b [198] and IFN-p-1a [188] and for glatiramer acetate [199].
Similar results for natalizumab have been reported [200]. Interestingly, the serially
studied placebo patients showed that while enhancement disappears with steroid
administration, enhancement returns, finally disappearing about 2 months after its
first appearance [185]. In recent years, increasing emphasis has been placed on
techniques of measuring brain atrophy [201-203].

Natalizumab (Tysabri®) is a humanized monoclonal antibody that binds o4-integrin
and blocks interaction of odp1-integrin on leukocytes with vascular cell adhesion
molecules (VCAM) and connects segment-1 on fibronectin sites on vascular endothe-
lial cells [204]. Two phase III clinical trials demonstrated the efficacy of natalizumab,
administered at a dose of 300 mg intravenously every 4 weeks. The AFFIRM trial
showed that natalizumab reduced ARR by 68% over 2 years, disability progression by
42% over 12 weeks and 54% over 24 weeks, an 83% decrease in new or enlarging T2
hyperintense lesions, and decrease in gadolinium-enhancing lesions on MRI by 92%
compared to placebo. The SENTINEL trial examined natalizumab in combination
with IM IFN-B-1a is more effective than IM IFN-f-1a alone [205-207]. Natalizumab
is generally tolerated well. Side effects include infusion-related symptoms, allergic
hypersensitivity reactions, anxiety, fatigue, pharyngitis, bladder and respiratory infec-
tions, sinus congestion, and peripheral edema. The primary safety concern is the
increased risk of PML, the risk of which increases with duration of therapy and serum
JCV Ab status and index [208, 209]. Approximately 6% of patients develop persistent
anti-natalizumab-neutralizing antibodies [210]. Switching of natalizumab to alterna-
tive agents like fingolimod more than 8 weeks after cessation of natalizumab may be
associated with lower risk of MRI and clinical disease reactivation [211].

In 2010, Fingolimod (Gilenya®) was the first oral disease-modifying drug to be
approved by the Food and Drug Administration for MS. Fingolimod is a sphingosine-
1-phosphate receptor (S1P1) modulator, initially acting as an agonist of the S1P1
receptor, and then becomes a potent functional antagonist, leading to internalization
of S1P1 receptors on lymph node T cells, resulting in sequestration of lymphocytes
in the lymph node. Uniquely, circulating naive T cells and central memory cells are
reduced by fingolimod, since both express the chemokine receptor lymph node
homing CCR7. Fingolimod does not affect effector memory cells, but some of its
mechanisms of action may be explained by the enhancement of function of potent
circulating regulatory T cells. Other effects include the modulation of human oligo-
dendrocyte progenitor cells, which potentially could affect myelin repair, astrocyte
proliferation, migration and gliosis, and neuroprotection. The clinical efficacy of
fingolimod was demonstrated in two large, phase III, double-blind, randomized tri-
als: (1) FTY720 Research Evaluating Effects of Daily Oral Therapy in Multiple
Sclerosis (FREEDOMS) and (2) Trial Assessing Injectable Interferon Versus
FTY720 Oral in Relapsing-Remitting Multiple Sclerosis (TRANSFORMS). The
FREEDOMS trial enrolled 1272 patients who were assigned either oral fingolimod
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0.5 mg or 1.25 mg daily versus placebo for 2 years. The primary end point, ARR,
was 0.18 in the 0.5 mg dose group, 0.16 in the 1.25 mg dose group, and 0.40 in the
placebo group. There was also a statistically significant effect on reduction of sus-
tained disability progression. After 12 weeks progression was seen in 17.7% in the
0.5 mg dose group and 16.6% in the 1.25 mg dose group versus 24.1% in the pla-
cebo group. Fingolimod also showed a reduction in the number of new or enlarging
lesions on T2-weighted imaged, gadolinium-enhancing lesions at year 2.
Importantly, reductions in whole brain volume were less at both 12 and 24 months
in the fingolimod group [212, 213]. The TRANSFORMS trial included 1292
patients randomly assigned to the 0.5 mg dose and 1.25 mg dose, but this time a
comparator of 30 pg weekly IM interferon-beta-1a. Orally administered fingolimod
at a dose of 0.5 mg daily was found to be superior to IFN--1a at reducing ARR and
MRI activity, although the sustained use of IFN in patients prior to the initiation of
the trial is considered a confounder of this data [214]. Fingolimod is generally well
tolerated; however, low-frequency specific safety issues including first-dose brady-
cardia, herpes virus dissemination, macular edema, and elevated blood pressure
require screening and regular monitoring. Of note, four cases of PML have now
been reported with fingolimod use, without prior exposure to natalizumab.

Teriflunomide (Aubagio®) is an oral medication that interferes with the de novo
synthesis of pyrimidines via inhibition of the mitochondrial enzyme dihydroorotate
dehydrogenase, resulting in blocking cell replication in rapidly dividing cells. The
precise mechanism for its effect in RRMS is unknown. Teriflunomide is a derivative
of leflunomide, used for many years in the management of rheumatoid arthritis.
Two clinical trials examined the efficacy of teriflunomide: (1) TEMSO and (2)
TOWER. The TEMSO study evaluated both 7 mg and 14 mg doses versus placebo
in 1088 patients with active relapsing MS. Both doses showed a significant reduc-
tion in the primary outcome measure, ARR, compared to placebo by 31.2% (7 mg)
and 31.5% (14 mg). Both the 7 mg and 14 mg dose reduced MRI outcomes, slightly
more in favor of thel4 mg dose. In the TEMSO extension study, adjusted ARR
remained low 5 years after initial randomization [215-217]. In the TOWER study,
1169 were randomly assigned to a 7 mg dose, 14 mg dose, and placebo group. The
ARR was higher in the placebo group (0.50) compared to the 14 mg (0.32) and 7 mg
dose groups (0.39). Teriflunomide at the 14 mg dose reduced the risk of sustained
accumulation of disability at 48 weeks; however, the 7 mg dose did not show this
effect [218, 219]. A third head-to-head study compared the effectiveness and safety
of teriflunomide and subcutaneous interferon-p-1a (44 pg three times per week) in
patients with relapsing multiple sclerosis (TENERE) over a 2-year period. The pri-
mary end point was time to failure, defined as the first occurrence of confirmed
relapse or permanent treatment discontinuation for any reason, and no statistical
superiority between IFN-p-1a and the 14 mg dose of teriflunomide was found,
although IFN-f-1a was superior to the 7 mg dose of teriflunomide [220]. The ongo-
ing phase III TERACLES trial is examining the clinical usefulness of combination
teriflunomide with IFN-f. (ClinicalTrials.gov identifier: NCT01252355)

The most common adverse effects of teriflunomide are mild-moderate, including
elevation in transaminases, hair thinning, GI upset, and headache. We have had two
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apparent allergic reactions to this drug. The greatest concern is the potential for tera-
togenicity based on animal data, and teriflunomide is contraindicated in women in
childbearing potential not using reliable contraception, and men with the potential
to father a child are also advised to utilize contraception. As teriflunomide may
remain in the serum for up to 2 years, an enhanced drug elimination procedure using
cholestyramine or activated charcoal powder is used for patients planning on becom-
ing pregnant or who already are pregnant [221]. Despite these precautions, as of
2013 the AUBAGIO Pregnancy Registry data indicated that 12 newborns have been
conceived while on teriflunomide, with no structural or functional deficits reported
[222].

Dimethyl fumarate (DMF) (BG-12, Tecfidera®) is the third oral therapeutic
option. It is a fumaric acid ester in an enteric-coated microtablet. When it enters the
CNS is immediately hydrolyzed by esterases to its metabolite monomethyl fuma-
rate. DMF is associated with decreased GI side effects compared to MMF. It acts on
nuclear factor erythroid2-related factor 2 (Nrf-2), which upregulates various anti-
oxidative pathways and inhibits the translocation of nuclear factor-xB into the
nucleus, therefore avoiding the expression of a cascade of inflammatory cytokines,
chemokines, and adhesion molecules. While the forgoing mechanism is thought to
be responsible to it clinical effect, the exact mechanism of action in RRMS, how-
ever, is unknown [223].

Two clinical trials have evaluated the efficacy of BG-12 for RRMS: (1) determi-
nation of the efficacy and safety of oral fumarate in relapsing-remitting multiple
sclerosis (DEFINE) and (2) comparator and an oral fumarate in relapsing-remitting
multiple sclerosis (CONFIRM). The DEFINE study evaluated 1234 patients with
RRMS and EDSS scores of <5 who were randomized to a 240 mg twice-a-day dos-
ing regimen, 240 mg three-times-a-day dosing regimen, or placebo. The primary
outcome measure was the proportion of patients relapsing at 2 years, whereas unlike
other clinical trials, the ARR and risk for disability progression were secondary
outcomes. Both doses of BG-12 met the primary outcome measure, with a reduction
in the proportion of patients relapsing by almost 50%. Twenty-seven percent of
patients on the twice-a-day dosing and 26% of patients on the three-times-a-day
regimen had at least one relapse at 2 years, versus 46% of patients on placebo. ARR
in both doses of BG-12 was reduced by 53% relative to placebo. EDSS progression
was also reduced at 12 weeks in both dosing regimens, with 16% (twice-a-day regi-
men) and 18% (three-times-a-day regimen) progressing versus 27% of patients on
placebo. Other measures, including new or enlarging MRI lesions were significantly
lower in the BG-12-treated patients as well. The CONFIRM trial evaluated 1430
patients randomized to one of the two BG-12 dosing regimens or an active compara-
tor glatiramer acetate (GA) 20 mg/d subcutaneously. The primary end point, differ-
ence in ARR over a 2-year period, was 44% lower with BG-12 at the twice-a-day
regimen, 51% lower with the three-times-a-day regimen, and 29% lower with
GA. There was no significant reduction in sustained increase in disability, but a
preplanned analysis of the combined outcomes of the DEFINE and CONFIRM
studies did reveal a significant reduction in the risk of sustained increase in disabil-
ity. Of note, the study was powered to evaluate the doses against placebo, but not
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against GA. The most common adverse effects include abdominal pain, flushing,
nausea, and diarrhea. These effects can be ameliorated with the administration of
the medication with food and/or regular aspirin at a dose of <325 mg 30 minutes
prior to administration. Severe lymphopenia may occur, and PML has been reported
in four patients. It is recommended that a CBC with differential be obtained at least
at 6-month intervals. Reduction of CD8+ T cells is more pronounced than that of
CD4+ T cells, and this can be serially monitored with lymphocyte subset panels
[224-226].

Despite hopes that oral therapy would lead to increased compliance, it has been
shown that oral medications, particularly dimethyl fumarate which is dosed twice
daily, is associated with poorer compliance, especially in the young population
[227-229]. Alemtuzumab (Lemtrada®) is a humanized anti-CD52 monoclonal
antibody. The exact mechanism by which alemtuzumab exerts its therapeutic effects
in RRMS is unknown, but is thought to work via depletion and subsequent repopu-
lation of both circulating T and B lymphocytes. These cell populations recover at
variable rates, with CD4+ T lymphocytes being the slowest, leading to long-term
adaptive immunity. The CARE-MS I trial was a phase III randomized clinical trial
of 581 treatment-naive patients comparing alemtuzumab (12 mg/d over a 5-day IV
administration with a second 3-day IV administration 1 year later) to subcutaneous
IFN-B-1a administered three times a week at a ratio of 2:1. Two primary end points
were identified: reduction in relapse rate and 6-month sustained accumulation of
disability. Alemtuzumab reduced risk for relapse by 55% compared to IFN-p-1a,
with a yearly relapse rate of 0.39 in the IFN-p-1a group compared to 0.18 in the
alemtuzumab group, monitored over a period of 2 years. A secondary outcome mea-
sure, maintenance of relapse-free status for 2 years, was met in 77.6% of
alemtuzumab-treated patients and 58.7% of IFN-f-la-treated patients. Multiple
MRI outcomes also favored alemtuzumab. These included a reduction in the per-
centage of new and enlarging T2 lesions, new gadolinium-positive lesions, or per-
sistent gadolinium-positive lesions at 24 months and new T1-hypointense lesions.
The alemtuzumab group had slower progression of brain atrophy as compared to
IFN-B-1a (0.87 versus -1.49 median percent change at year 2) [230]. CARE-MS II
evaluated 840 patients who, unlike CARE-MS 1, had recently relapsed while taking
a standard disease-modifying therapy. Randomization was performed in a 2:2:1
ratio of high-dose (24 mg) alemtuzumab, low-dose (12 mg) alemtuzumab, and IFN-
B-1a. Yearly rate of relapse was significantly reduced in the low-dose alemtuzumab
group (0.26) compared to the IFN-p-1a group (0.52) over 2 years. A 42% reduction
in the risk for sustained accumulation of disability over 6 months was seen in the
low-dose alemtuzumab group (12.7%) versus the IFN-p-1a group (21.1%). Of the
low-dose alemtuzumab group, 28.8% had sustained improvement in their EDSS
score compared to the IFN-f-1a group (12.9%). There was no significant change in
total T2 burden, but fewer patients had new or enlarging T2 lesions or new
gadolinium-positive lesions over 24 months in the alemtuzumab group. There was
less reduction in mean brain parenchymal fraction in the alemtuzumab group
(—=0.615% versus —0.81%). No advantage of the 24 mg over 12 mg dose of alemtu-
zumab was seen [231].
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Alemtuzumab is associated with several safety issues. Mild-moderate infusion-
related reactions are seen in 90%. The incidence of infections is higher, most com-
monly upper respiratory tract infections, urinary tract infections, and oral herpes.
The development of secondary autoimmune disorders is of primary concern, with
16-19% of alemtuzumab-treated patients developing thyroid-related problems and
1% developing immune thrombocytopenia. There is concern for development of
antiglomerular basement membrane disease as well. Monthly CBC with differen-
tial, serum creatinine levels, and urinalysis with urine cell counts are recommended
for 48 months after the last dose of alemtuzumab. Prophylactic medications for
pneumocystis pneumonia and herpes viral infections must be administered during
treatment and for at least 2 months following the last dose or until CD4+ counts
recover to >200 cells/mm? [232].

The management of primary and secondary progressive disease is far from satis-
factory but based on prospective studies; two drugs are now approved: mitoxantrone
[233, 234] (Novantrone®) and IFN-3-1b [235]. The use of IFN-f-1b varies greatly
from one geographic area to another, varying on the impatience and experience of
physicians and patients alike. Its use is tempered by the fact that many patients
seemingly stabilized initially subsequently begin to progress despite continued use
of the drug. In retrospect, this is seen in drug trials that included patients who no
longer experienced relapses [235]. This observation is also in keeping with the
meta-analysis of the US trial. The use of mitoxantrone resulted in cessation of exac-
erbations and apparent stabilization in the majority of drug recipients vs. controls in
the study. This was accompanied by the realization that the drug is cardiotoxic [233,
234]. The results as published are difficult to under interpret for the non-statistician,
and the specter of cardiotoxicity combined with the risk of promyelocytic leukemia
has limited its use of this effective drug, despite clear-cut guidelines. It is best used
in larger centers with experience with this drug.

High doses of oral biotin (100-300 mg daily) were studied in France for chronic
progressive multiple sclerosis [236]. Data in an open-label study of 23 patients
showed that 91.3% improved clinically suggested that biotin may have an effect on
disability and progression. The results of a randomized, double-blind, multicenter
placebo-controlled (2:1) trial of MD1003 (pharmaceutical grade biotin dosed at
300 mg/day) in patients with progressive MS were reported at both the 2015 AAN
meeting and 1st Congress of the European Academy of Neurology [237]. A second
clinical trial is underway evaluating the effect of biotin in MS patients with perma-
nent visual loss following optic neuritis. A significant reduction in disability pro-
gression is preliminarily reported.

Other nonspecific immunosuppressants have been used in the clinical setting.
Some were employed in open-label settings, and limited trials of azathioprine,
methotrexate, and cyclophosphamide have been carried out. There appears to be a
desirable effect from the use of these drugs, but potential infections are real risks,
and other problems potentially complicate their use. Hopefully, pivotal trials of one
or more of these agents will be organized in the near future. If employed, their use
again should be limited or guided by neurologists who are experienced in their use.
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Future Directions in Treatment

Though traditionally B cells were not thought to be of central importance in the
pathogenesis of MS, and therefore not initially a target for disease-modifying ther-
apy, an anti-B-cell therapy a proof of concept (phase II) study indicated a potential
role for rituximab (Rituxan®) in the treatment of RRMS [238]. While a clinical trial
evaluating the use of rituximab in primary progressive MS (PPMS) patients did not
show a statistically significant difference in time to confirmed disease progression
compared to placebo, subgroup analysis revealed a significant difference in patients
aged <51 years with gadolinium-enhancing lesions seen on MRI [239].

Data presented at the 2015 ECTRIMS meeting from recently completed pivotal
studies of ocrelizumab, a humanized anti-CD20 monoclonal antibody given intrave-
nously, have revealed a highly significant impact on both relapse reduction and
reduction in the risk of progression in RRMS. Another anti-CD20 humanized
monoclonal antibody under study, ofatumamab, has been successful in a proof of
concept studies with either intravenous or subcutaneous preparations. The data of
three large pivotal (phase III) clinical trials, two evaluating ocrelizumab in the
RRMS population (OPERA I and II), and another in the progressive MS population
(ORATORIO) were revealed at the 2015 ECTRIMS annual meeting in Barcelona,
Spain. Ocrelizumab showed a significant effect for both relapsing-remitting and
progressive MS. Ocrelizumab reduced the ARR at 96 weeks by 46% in OPERA 1
and 47% in OPERA II compared to IFN-p-1a [240]. In the ORATORIO PPMS
study, ocrelizumab met the primary end point of a significant 24% reduction in
12-week confirmed disability progression (CDP) [241]. Key secondary end points
including a 25% reduction in risk of CDP at 24 weeks, 17.5% reduction in brain
volume loss, and 3.4% decrease in T2 lesion volume. The most common adverse
events were mild-to-moderate infusion-related reactions [242]. Official publication
of the results is newly released [243], [244].

Daclizumab is yet another humanized monoclonal antibody that binds to the
a-subunit (CD25) of the high-affinity interleukin-2 (IL-2) receptor expressed on
activated T cells and CD4+CD25+FoxP3+ regulatory T cells. Its mechanism of
action in MS is thought to be via blockage of the activation and expansion of auto-
reactive T cells. An important biological effect of daclizumab is the activation and
expansion of immunoregulatory CD56 bright natural killer cells. Two phase III tri-
als are recently completed and the drug has been submitted for approval by the
Federal Drug Agency. The DECIDE study, which compared subcutaneous dacli-
zumab high-yield process (HYP), administered at a dose of 150 mg every 4 weeks,
with intramuscular IFN-p-1a. The annualized relapse rate was significantly lower
with daclizumab HYP than with IFN-p-1a (0.22 vs. 0.39, 45% lower rate with dacli-
zumab HYP). The number of new or newly enlarged hyperintense lesions on T,-
weighted magnetic resonance imaging (MRI) over a period of 96 weeks was lower
with daclizumab HYP than with IFN-f-1a (4.3 vs. 9.4, 54% lower number of lesions
with daclizumab HYP, P<0.001). At week 144, the estimated incidence of disability
progression confirmed at 12 weeks was 16% with daclizumab HYP and 20% with
IFN-B-1a, but this finding was not statistically significant [245]. The results of the
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OBSERVE single-arm study, which is evaluating the immunogenicity and pharma-
cokinetics of daclizumab HYP, have not been published at press time [246].

There is understandably substantial interest in the development of remyelinating
agents in MS to repair damage myelin. The anti-LINGO-1 monoclonal antibody
BIIB033 has undergone phase I randomized trials, and phase II results from the
SYNERGY trial were reported in Barcelona in 2015 [247, 248]. Another monoclo-
nal antibody under consideration for development is GSK1223249 which targets
NOGO-A, an inhibitor of neurite outgrowth [249].

Laquinomod is a derivative of linomide, an agent studied in the 1980s for use in
MS whose development was halted due to multiple adverse events including myo-
cardial infarction. As with its parent molecule, serious adverse experience including
cardiotoxicity has been recognized, and the pivotal study has been halted.

Other treatments in early clinical studies include secukinumab, an anti-IL-17A
monoclonal antibody and firategrast, an oral agent acting against anti-o4-integrin
(the target for natalizumab) [250, 251]. Second-generation, more specific sphingo-
sine receptor agents being studied include siponimod and ONO-4641 [252, 253].
Ibudilast is a phosphodiesterase-4 inhibitor that reduces microglial inflammation
and hopefully neurodegeneration in MS and is a promising option for treatment of
progressive MSS. The phase IIb trial Secondary and Primary Progressive Ibudilast
NeuroNEXT trial in Multiple Sclerosis (SPRINT-MS) is currently under way.

Rehabilitation

There is renewed interest in exercise in MS both here in the United States and in
Europe, and strategies employed in rehabilitation have continued to evolve [254,
255]. The recognition and acceptance of the principal of shorter periods of exercise
for MS patients repeated after periods of rest has helped many patients greatly. The
use of aquatic exercises, where the patient is cooled during exercise and allowed
longer periods of sustained effort, also has resulted in more effective rehabilitation.
The impact of daily exercise on experimental models of CNS disease is striking
[256-258].

The use of more modern orthotics devices, which are lighter and reduce fatigue
in the MS patient, is a major advance in patient management. New neuroprosthetic
technology in the form of functional electrical stimulation, such as Bioness® and
WalkAide®, can be helpful in selected patients. Fitting these devices and monitor-
ing by experienced physicians and therapists increases their effectiveness and is
particularly important. Patients require training and encouragement to adapt to
these devices. Similarly, simply giving a patient a prescription for a cane is insuffi-
cient. Early introduction of stretching, and judicious use of muscle stretching and
use of drugs for control of spasticity prevent contractures and simplify management
of most patients. The primary role of the therapist is to instruct the patient and care-
givers as to what they must do to decrease the risk of contractures and increase
mobility. At the same time they must increase self-confidence of the patient avoid
making the patient dependent on the therapist.
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Conclusions

The age of rational therapy for MS arrived in the early 2000s with natalizumab
and therapeutic options continue to expand. Increased efficacy may be associ-
ated with complications such as PML as first evidenced with natalizumab. Its
continued use is contingent upon improved risk stratification for PML based on
JC virus antibody indices with values less than 1.3 indicative of a low risk (less
than 1:10,000). There is continuing concern that other effective drugs may share
such risks but the jury is still out. Risks for natalizumab vary with duration of
treatment, peaking at the end of the third year of use for high JC virus antibody
index subjects and subsequently decreasing to levels resembling those observed
after 2 years. Prior use of mitoxantrone or methotrexate raises the risk to espe-
cially high levels (1:90) in the presence of high index JVC antibody. L-selectin
(CD62L) was thought to be a possible useful biomarker, but a recently pub-
lished prospective study failed to show any utility [209]. From the available
data, fingolimod and dimethyl fumarate appear to be associated with a very low
risk for PML, far less than the risk for natalizumab with low JVC antibody
indices.

Future trials of compounds discussed in the “emerging therapies” section are
exciting prospects. Of particular importance are the anti-B-cell therapies. The
focus for disease-modifying therapy has been in relapsing-remitting multiple
sclerosis, and there is newfound enthusiasm for treatment of progressive MS
stimulated by the recently announced ocrelizumab trial results for PPMS. The
FDA has just declared this drug as a “breakthrough” in the treatment of progres-
sive MS.
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HIV Infection of Human Nervous System: 3
Neurologic Manifestations, Diagnosis,
and Treatment

Christian Cajavilca, Debra Davis, Oleg Y. Chernyshev,
and Alireza Minagar

Introduction

Human immunodeficiency virus (HIV) passes through the blood-brain barrier
(BBB) and enters the central nervous system (CNS) at early stages of AIDS in
recently seroconverted and yet clinically asymptomatic patients. HIV genetic mate-
rial can be discovered and extracted from cerebrospinal fluid (CSF), brain, and spi-
nal cord as well as peripheral nerves of AIDS patients. Depending on the severity of
the HIV-induced immunosuppression, the clinical manifestations of neuroAIDS
vary and entail dementia, myelopathy, opportunistic infections, polyneuropathy,
stroke, and HIV-associated neurocognitive disorders (HAND) among other less
common complications.

Various pathogenic mechanisms involved in development of neurologic compli-
cations of AIDS include direct HI'V-induced neurotoxicity, opportunistic infections
stemming from immunosuppression, profound abnormalities of the immune sys-
tem, and impediments and complexities originating from reconstitution of the
immune system.

Clinical Manifestations

The extent and spectrum of neurologic complications of HIV infection, to a signifi-
cant degree, is linked to the depth of AIDS-induced immunosuppression and the
underlying mechanism(s) of that particular neurologic complication. Certain oppor-
tunistic infections or neoplasms of the nervous system usually develop only when
the number of infected T lymphocytes drops below a certain threshold. For
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example, significant AIDS-associated neurological manifestations usually begin
when the CD4* T lymphocyte count drops to a number lower than 200 CD4* T lym-
phocytes/mm?.

Various mechanisms responsible for the neurologic complications of HIV
include neurotoxicity, possible autoimmunity, opportunistic infections, cerebrovas-
cular complications, neoplasms, side effects of antiretroviral therapy (ART), and
malnutrition. The early cases of the 1980s were associated with opportunistic infec-
tion and neoplasms; however, after the advent of antiretroviral therapies, a myriad
of different syndromes such as dementia, myelopathy, and neuropathy have
emerged. A list of neurologic complications of HIV and AIDS is presented in
Table 3.1.

HIV patients manifest a wide range of neurologic manifestations related to HIV,
which demands further diagnostic workup to search for and exclude other possible
etiologies. It is important to have a meticulous plan for the state of systemic HIV
infection and tendency for opportunistic infections. Diagnostic tests such as serial
measurements of peripheral CD4* lymphocyte count as well as history of exposure
to infectious agents should be performed. For example, a demyelinating neuropathy
may develop at early stages of infection with a CD4* count >500/mm?®, while a
CD4* lymphocyte count between 200 and 500/mm? may set the stage for tubercu-
lous meningitis and onset of cognitive impairment. A CD4* lymphocyte count less
than 200/mm? places the patient at risk for HIV dementia, vacuolar myelopathy,
polyneuropathy, toxoplasmosis, encephalitis, progressive multifocal leukoencepha-
lopathy (PML), cryptococcal meningitis, and primary CNS lymphoma. The relative
correlation between common neurologic manifestations of AIDS and the serum

Table 3.1 Neurologic manifestations of HIV infection of human nervous system

HIV-associated dementia and encephalopathy

HIV-associated neurocognitive disorders

Demyelinating syndrome (at early stages of infection which imitates multiple sclerosis)

Parkinsonian syndrome and other movement disorders

Sleep abnormalities

Various opportunistic infections of the central nervous system which includes:

Toxoplasmosis, neurosyphilis, progressive multifocal leukoencephalopathy

Cytomegalovirus and varicella zoster encephalitis

Fungal and bacterial infections

Primary nervous system neoplastic processes such as central nervous system lymphoma

Aseptic meningitis and lymphomatous meningitis

Vacuolar myelopathy

Viral and bacterial polyradiculitis

Distal symmetric neuropathy

Mononeuritis multiplex

Acute and chronic inflammatory demyelinating polyneuropathy

Cytomegalovirus mononeuritis multiplex

Neurologic side effect medications used for treatment of AIDS and its complications such as
didanosine, zalcitabine, stavudine, dapsone, isoniazid, and pyridoxine

Inflammatory myopathy
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CD4* lymphocyte count is of utmost significance when the neurologist treats AIDS
patients. It is significant to bear in mind that the HIV latent period may range from
2 to 10 years. During this time, the CD4* lymphocyte count declines, while viral
load increases, and the patient may remain symptom-free.

Acute Seroconversion: CD4* Lymphocyte Count >500/mm?3

The early signs of retroviral syndrome (also recognized as “acute HIV syndrome™)
occur within 6 weeks of seroconversion in 50% of the patients. These symptoms, which
may remind clinicians of infectious mononucleosis, include fever, headache, myalgia,
nuchal rigidity (aseptic meningitis), photophobia, cranial nerve palsies, myelopathy,
radiculopathies, acute demyelinating neuropathy, and rarely encephalopathy. As men-
tioned earlier, HIV can be found in CSF associated with lymphocytic pleocytosis. Rare
cases of CNS demyelination and meningoencephalitis have been reported immediately
after seroconversion [1]. Peripheral nerve syndromes during the immediate seroconver-
sion stage and latent phase include acute inflammatory demyelinating polyradiculoneu-
ropathy (AIDP), chronic inflammatory demyelinating polyradiculoneuropathy (CIDP),
mononeuritis multiplex, and mononeuropathies. Patients at this stage may also develop
cranial nerve VII palsy, transverse myelitis, and brachial neuritis [2, 3].

AIDP may manifest at any stage of the illness and clinically presents with distal
and proximal weakness, sensory loss, back pain, autonomic dysfunction, cardiac
arrhythmias, cranial neuropathies, and urinary retention. CIDP may be monophasic
or relapsing. Unlike AIDP, CIDP usually does not include respiratory failure or
autonomic dysfunction. The clinical scenario of AIDP and CIDP usually is no dif-
ferent from uninfected patients.

Mononeuritis multiplex is a rare finding in AIDS and usually affects more than
two nerves with an asymmetric sensory and motor deficit within the distribution of
cranial nerves, peripheral nerves, or nerve roots. Severe dysfunctions are related
with cytomegalovirus (CMV) coinfection especially when the CD4* lymphocyte
count is less than 50 cell/mm [3, 4].

Dermatomyositis and polymyositis may also be present during early seroconver-
sion or at the latent phase [5, 6]. They can also be manifestations of drug effect or
other infectious entity. Biopsy may help to identify the specific etiology, for exam-
ple, nemaline rod myopathy is related to HIV. Rhabdomyolysis has been associated
with the use of didanosine and statins used for hyperlipidemia related with highly
active antiretroviral therapy (HAART) [7]. Other causes of rhabdomyolysis in HI'V-
infected patients consist of HIV-associated rhabdomyolysis, rhabdomyolysis asso-
ciated with ART, and rhabdomyolysis at the end stage of AIDS [7].

HIV-Associated Neurologic Manifestations: CD4* Lymphocyte
Count 200-500/mm?

With further drop of CD4* T lymphocytes, opportunistic infections as well as cer-
tain neurologic syndromes present. Patients complain of difficulty with short-term
memory and lack of concentration, anxiety, depression, and motor deficits [8].
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Disseminated herpes zoster as well as CNS tuberculosis may appear or become
activated at this stage of the disease process. In addition, patients with syphilis may
proceed to full-blown neurosyphilis at a more rapid rate than HIV-seronegative
patients with syphilis. Another interesting and less recognized and understood man-
ifestation in HIV-infected individuals is the diffuse infiltrative lymphocytosis syn-
drome (DILS), which is defined by persistent circulating CD8* lymphocytosis,
which may be due to oligoclonal expansion of these cells [9]. The expanded CD8*
lymphocytes infiltrate various organs and can imitate Sjogren syndrome. One par-
ticular manifestation of DILS is a severe peripheral neuropathy which is accompa-
nied by significant HIV proviral load in peripheral nerves. Other presentations
include myositis, hepatitis, and interstitial nephritis.

Patients on therapy with the antiretroviral medication zidovudine (ZDV) may
develop myopathy. ZDV is a nucleoside analogue and a nucleoside reverse tran-
scriptase inhibitor with mitochondrial toxicity (inhibiting mitochondrial DNA poly-
merase) and causes myopathy. Clinically, patients report myalgias, proximal
weakness, and muscle atrophy. Muscle biopsy reveals ragged red fibers and cyto-
chrome oxidase negative fibers [10, 11]. The clinical manifestations of ZDV-
associated myopathy may correlate with duration of therapy, dosage, and advanced
disease stage. Most patients recover with cessation of therapy.

AIDS-Related Neurologic Complications at CD4* Lymphocyte
<200/mm?

As it was previously explained, with more annihilation of the immune system and
progressive drop in the number of CD4* T lymphocytes, more neurologic complica-
tions appear. Once the peripheral CD4* lymphocyte count drops to below 200/mL
myelopathy, HIV-associated dementia (HAD) and painful distal sensory polyneu-
ropathy present.

The commonality of HAD among untreated HI'V patients may vary between 5 and
20%. Its annual incidence in patients with a CD4* lymphocyte level 100/mm?® or less
is 7.3%. As a significantly subcortical dementia, HAD manifests with cognitive
decline, behavioral abnormalities (such as apathy, mania, lack of emotional stability,
forgetfulness, mental dullness and slowing, and impaired comprehension), and motor
dysfunction such as gait difficulty and loss of fine motor skills. HAD uncommonly
presents with psychosis and some of these patients may be at risk for suicidal and
homicidal ideation. The progression of dementia may be rapid in untreated patients;
however, with the use of HAART, patients with HAD may survive 3-5 years [12].

Vacuolar myelopathy is the most prevalent form of chronic AIDS-associated
myelopathy in AIDS patients, with a prevalence of 20-50% in various case series
[13, 14]. Clinically, HIV myelopathy presents with progressive spastic paraparesis,
hyperreflexia with extensor plantar responses, abnormal gait with tendency to fall,
urinary retention or incontinence, ataxia, and sensory loss. Neuropathologically,
AIDS myelopathy is recognized by the presence of separate or coalescent intramy-
elin and peri-axonal vacuolation with loss of spinal cord white matter and presence
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of lipid-laden macrophages [13]. Vacuolar myelopathy of AIDS should be differen-
tiated from HTLV-1-associated myelopathy.

Peripheral neuropathy is one of the most prominent peripheral neurologic com-
plications of HIV infection, which affects up to 15% of patients. Of the various
AIDS-related peripheral nervous system complications of AIDS, distal symmetric
polyneuropathy (DSP) is the most common. Patients with DSP complain of numb-
ness, pain, paresthesias, gait instability, and autonomic dysfunction. DSP may occur
during latent phases but it affects 30% of people with AIDS. Toxic peripheral neu-
ropathies have increased especially in patients treated with HAART.

Uncommonly, cases of motor neuron disease occur in HIV patients who have
CD4* T lymphocyte count less than 200 cells/mm?® and may imitate amyotrophic
lateral sclerosis (ALS). However, they differ from ALS because of younger age of
onset, rapid progression and deterioration, and clinical improvement when treated
with ART [15]. In 2001, Moulignier et al. reported six patients with HIV-related
motor neuron disease and proposed certain underlying mechanisms such as neuronal
infection, reaction to toxic viral products, cytokine effect, and autoimmunity [15].

With a significant drop of the CD4" T lymphocytes, the risk of opportunistic
infections such as toxoplasmosis, cryptococcal meningitis, and mycobacterial infec-
tion such as disseminated mycobacterium avium complex and progressive multifo-
cal leukoencephalopathy (PML) rises. In addition, primary CNS lymphoma is a
neoplastic process linked to Epstein-Barr virus with poor prognosis in advanced
stages of AIDS.

Other AIDS-Related Neurologic Manifestations

Both ischemic and hemorrhagic strokes have been reported in HIV-infected patients
and have been attributed to a relatively elevated incidence of vasculitis and hyper-
coagulability [16]. Other causes of ischemic strokes in these patients include men-
ingitis, cardioembolism, and hypertension.

Neuro-ophthalmologic disorders of AIDS patients occur in up to 60% of patients
with case reports on patients with visual field defects, optic neuropathy, papill-
edema, ocular motor nerve palsies, and one-and-a-half syndrome [17]. Visual
evoked potentials may be abnormal in 57% of patients. Movement disorders have
also been described in HIV patients. Patients can develop Parkinsonism at serocon-
version or advanced stages. Parkinsonism is also related to HAART treatment and
antidopaminergic drugs. Another frequent complaint by HIV patients is sleep disor-
ders, particularly those treated with efavirenz.

Immune Reconstitution Inflammatory Syndrome

Immune reconstitution inflammatory syndrome (IRIS) is a fascinating syndrome
which is recognized by paradoxical worsening of the patient’s clinical and neuro-
logical condition once combined antiretroviral therapy (cART) has been initiated.
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The pathophysiology of IRIS has been attributed to the recovery of the immune
system. IRIS is potentially a dangerous condition. Involvement of the CNS in IRIS
is uncommon and may occur in the context of certain opportunistic infections such
as tuberculosis, cryptoccocal infection, or PML [18, 19]. It has been hypothesized
that IRIS may stem from an aberrant immune response to opportunistic infections.
Interestingly, discontinuation of cART is not suggested.

HIV-Associated Neurocognitive Disorders

HIV-associated neurocognitive disorders (HAND) covers a wide range of manifesta-
tions from clinically asymptomatic to profound dementia (Table 3.2). Diagnosis of
HAND rests on meticulous behavioral neurological examination, detailed neuropsy-
chologic assessment, and evaluation of the patient’s functional status and capabili-
ties [20]. HAND is common in the AIDS population and, with further use of cART
along with increased survival of AIDS patients, may become more prevalent [21]. In
those patients under treatment with cART, the possibility of developing HAND
increases with age along with the presence of cardiovascular risk factors [22].

HIV-associated dementia (HAD) constitutes the most severe form of HAND. With
the global use of cART, HAD is relatively less common. Present terminology is
based on neuropsychological assessment as well as the mental status examination.
It categorizes the neurocognitive status of the AIDS patients into three groups:
asymptomatic neurocognitive impairment (ANI), mild neurocognitive disorder
(MND), and HAD [20].

Patients with MND present with mild to moderate neurocognitive decline (>1
SD below the mean of demographically adjusted normative scores) in at least two

Table 3.2 Classification of HIV-associated neurocognitive disorders

Prevalence in
HIV-associated neurocognitive | cART-treated HIV+

dysfunction (HAND) type® individuals Diagnostic criteria [5]
Asymptomatic neurocognitive | 30% Impairment in >2 neurocognitive
impairment (ANI) domains (>1 SD)
Does not interfere with daily
functioning
Mild neurocognitive disorder 20-30% Impairment in >2 neurocognitive
(MND) domains (>1 SD)

Mild to moderate interference in
daily functioning

HIV-associated dementia 2-8% Marked (>2 SD) impairment in >2
(HAD) neurocognitive domains
Marked interference in daily
functioning

Copyright permission obtained Saylor et al. [22]
SD standard deviation
aWith no evidence of other cause (Adapted from Antinori et al. [20])
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cognitive areas. Such impairment generally mildly interferes with the patient’s daily
function. Patients with HAD experience moderate to severe cognitive decline (> 2
SDs below demographically adjusted normative means) with severe cognitive
impairment in at least two cognitive areas. There is significant loss and difficulty
with activities of daily living. Behaviorally, patients with HAD experience impair-
ment of abstract thinking process, verbal fluency, decision-making, and working
memory [8]. Interestingly, other memory domains operated by the posterior neocor-
tical and temporo-limbic systems remain relatively intact [8]. Many of these patients
do not develop aphasia or apraxia.

In patients with HAD, HIV especially targets and impairs the fronto-striato-
thalamocortical subcortical circuits. In addition, HIV also involves and damages
other white matter pathways and neural networks, including but not limited to, the
temporal and parietal lobes [23]. Utilizing high-resolution brain MRI scans,
Thompson et al. [22] assessed the thickness of the cerebral cortex as well as gray-
matter thickness in AIDS patients. They generated three-dimensional maps demon-
strating that primary motor, sensory, and language cortices were 15% thinner in
AIDS patients compared to healthy controls. The investigators noted that thinner
frontopolar and parietal tissue loss revealed correlation with cognitive and motor
abnormalities. Based on their view of the findings, HIV specifically injures the cere-
bral cortex [23].

Headache in HIV Patients

Primary and secondary headache in patients with HIV are very common, seen in
38-61% of HIV-positive individuals [24]. It remains the most common type of pain,
even as the natural course of HIV has changed dramatically with widespread use of
cART. Early studies conducted prior to about 2005 yielded different headache pro-
files than recent publications. Before cCART was commonly used, secondary head-
aches were much more prevalent. Since then Kirkland et al. [24] found that whereas
53.5% of a population of 200 HIV patients endorsed problematic headaches, only
2.8% were associated with opportunistic encephalitic infection. The current
International Classification of Headache Disorders (ICHD-3-beta) [25] requires
certain diagnostic criteria for diagnosis of headache attributed to HIV infection be
met (Table 3.3).

Early publications reported that HIV-associated headaches were tension-type in
nature [26] or more likely to worsen primary tension-type headache [27]. The head-
aches were more common with higher viral loads. The clinical features of primary
headache in HIV patients in recent years are more similar to migraine, with the
exception that nausea is not as prominent [24]. Photophobia and phonophobia
(79%) and aggravation by activity (83%) were, in contrast, quite frequently seen.
These headaches were frequent (more than 50% of days or 17 days per month),
bilateral, and of severe intensity (7.8/10). Half of patients reported the pain as throb-
bing in nature. Headache severity, frequency, and disability were inversely tightly
correlated with lower CD4 counts, but not with duration of HIV. Another
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Table 3.3 Headaches attributed to HIV infection: diagnostic criteria

A. Both of the following:

1. Systemic HIV infection has been demonstrated

2. Other ongoing systemic and/or intracranial infection has been excluded

B. Evidence of causation demonstrated by at least two of the following:

1. Headache has developed in temporal relation to the onset of HIV infection

2. Headache has developed or significantly worsened in temporal relation to worsening of
HIV infection as indicated by CD4 cell count and/or viral load

3. Headache has significantly improved in parallel with improvement in HIV infection as
indicated by CD4 cell count and/or viral load

In most cases, headache is dull and bilateral or has the features of a primary headache disorder
(migraine or tension-type headache)

observation was that the overall CD4 counts in these patients with headache were
higher (due to cART treatment) than in the early reports, underscoring that this
migraine-like headache more likely represented the direct effect of HIV on the ner-
vous system as opposed to secondary causes [24].

The pathophysiology behind direct HIV-associated headache has been discussed
by Joshi and Cho [28]. There is an underlying CNS inflammatory response to the
HIV-1 virus resulting in release of cytokines which may be associated with pain.
HIV aseptic meningitis (from HIV or an unidentified virus) with an absence of CSF
pleocytosis may underlie headaches in those in whom another secondary cause is
not found. There is a lack of agreement between those who have found an associa-
tion of headache with increased CSF viral load and those who point out that some
asymptomatic patients also have HIV cultured from their CSF. There are some simi-
larities of the CNS between HIV and migraine patients. For instance, in migraine,
alterations of plasma membranes with ionic gradients result in cortical neuronal
depolarization. This leads to cortical spreading depression, further resulting in glu-
tamate release. This situation is similar to early HIV infection-related activity of
viral proteins 7at and gp120 in neurons. Also, N-methyl-d-aspartate (NMDA) recep-
tors are stimulated by 7at, sensitizing the nerves to glutamate and causing excitotox-
icity. Gp120, implicated in neuronal injury, may have synergism with glutamate, and
its effect can be blocked by an NMDA antagonist. NMDA also plays a role in pain.
These authors also mention that the metabolism of tryptophan and serotonin are
altered in HIV infection, possibly interrupting endogenous pain modifying mecha-
nisms. Viral-mediated cell death in HIV causes mast cell release of histamine. Mast
cells also contain high concentrations of CGRP, a key player in the migraine cas-
cade. It has also been suggested that HIV may affect the trigeminovascular system
which triggers the neurovascular response leading to the migraine attack [28].

In the HIV-positive population, new headaches can herald the development of
secondary disease and should be regarded as a red flag especially if the CD4 count
is below 200, as discussed earlier. Other clues to the need for further testing include
any focal neurologic findings, changes in cognition or consciousness, “thunderclap”
(ultrafast) onset, worst headache of life, increased headache with strain or cough,
papilledema, and constitutional symptoms. Of the secondary CNS lesions
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associated with headache in HIV, the most common include cryptococcus meningi-
tis, CMV encephalitis, toxoplasmosis, primary CNS lymphoma, PML, CNS tuber-
culosis, and neurosyphilis. HIV aseptic meningitis may cause headache with or
without CSF pleocytosis. Primary angiitis of the nervous system early in the course
of HIV infection can occur. In addition, headache can be associated with initiation
of cART treatment (especially zidovudine) and with IRIS [29].

Sleep Disturbances in HIV-Infected Patients

Sleep disturbances are very common in patients with HIV infection and have been
identified as a serious problem ever since the early stage of the HIV epidemic. They
have been reported at all stages of HIV infection, including its progression to AIDS
[30-32]. Sleep disorders have been recognized as frequent and disabling illnesses
for people living with HIV and AIDS both in the pre-combined antiretroviral ther-
apy (cART) and post-cART epoch with a reported prevalence ranging from 30 to
100% [30, 33-36] as compared to 10-35% [37, 38] in the general population.

In one recent study, the prevalence of self-reported sleep disturbances in HIV-
infected people was 58.0% (95% CI = 49.6-66.1) based on meta-analysis, taking
into account variations in geographic region, gender, age group, CD4 counts, and
instrument used to measure sleep disturbances [30].

The mechanisms of sleep disturbances in HIV-infected patients are not very well
understood and largely unknown. Previous reports have suggested possible hints,
which include the ability of HIV to affect the CNS, opportunistic infections, mental
health issues, pharmacological impact of antiretroviral medications, and substance
abuse [37-40].

Sleep disturbances have clinically important consequences in this population
which include daytime sleepiness, fatigue, depression, cognitive impairment, neu-
robehavioral dysfunctions, and reduced quality of life in HIV-infected patients [35,
41-44]. Moreover, HIV-infected patients complaining of sleep disturbances are more
likely to demonstrate decreased compliance with recommended cART [40, 45],
which potentially can cause loss of virologic control, development of drug-resistant
strains of HIV, and treatment failure [46, 47]. Daytime fatigue and insomnia are also
prevalent symptoms in HIV disease. Between 33 and 88% of adults with HIV experi-
ence fatigue [48-50], and 56% have difficulty sleeping. Fatigue in HIV is related to
depression, anxiety, sleep problems, comorbidity, and use of cCART [48-52].

A recent study showed that self-reported sleep quality, total sleep time (using
wrist actigraphy), and fatigue were significantly associated with perception of cog-
nitive problems in adults with HIV, even after controlling for relevant demographic
and clinical characteristics. However, disrupted nighttime sleep (WASO) was unre-
lated to perception of cognitive problems [53]. Moderate-to-severe poor quality of
sleep was independently associated with adherence to HAART. Assessing the qual-
ity of sleep and complaints about fatigue may be helpful in the comprehensive eval-
uation of HIV patients which could lead to effective intervention that with greater
impact on improving cognition function and quality of life.
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The prevalence of insomnia in the HIV-seropositive population is estimated to
be 29-97%, far greater than the 10-33% general population prevalence [36, 54—
56]. The roles of immune dysregulation, virus progression, and adverse drug effects
in contributing to insomnia are unclear. Psychological morbidity is a major deter-
minant of insomnia in HIV infection. It is recommended that sleep quality should
be routinely assessed in order to identify the medical treatment needs and the
potential impact of sleep problems on antiretroviral therapy outcomes in this popu-
lation [36].

There are a limited number of studies dedicated to evaluation of sleep architec-
ture in this population. Early reports of sleep-specific electroencephalographic
changes were not confirmed.

During the early stages of HIV, before AIDS onset, patients have excess stage 4
non-rapid eye movement (NREM) sleep during the latter half of the night [55].
Alterations in sleep architecture in HIV disease have been associated with increased
circulating levels TNF-a and interleukin 1-beta (IL-1b) [56, 57], which have som-
nogenic effects that may interrupt sleep and daytime function [58-61].

Other sleep disorders including obstructive sleep apnea (OSA) have been
reported commonly in HIV-infected patients [62]. Based on recent studies, the prev-
alence of OSA is ranging from 3.9 to 70% [62, 63]. These patients share the same
major risk factors for OSA with the general population, including aging and obesity.
The prevalence of OSA among HIV-infected patients has been elevated even among
those who are not overweight or obese. Several factors may be responsible in this
finding. These factors include:

1. cART-induced adverse events could predispose to OSA. Lipohypertrophy asso-
ciated with antiretroviral therapy is an increasingly well-recognized problem
that may have a range of deleterious effects [63, 64]. Theoretically, HIV-
associated lipohypertrophy could be affecting fat deposition around the posterior
oropharyngeal airway and adversely affecting pharyngeal mechanics. HIV
patients could also experience upper airway neuromuscular dysfunction and
neuromuscular instability in ventilator control, although rigorous data remain
sparse. Some antiretroviral drugs (i.e., dideoxynucleoside reverse transcription
inhibitors) have been associated with neuromyopathy, and thus these drugs
should be avoided in patients reliant on upper airway dilator muscle reflexes for
the maintenance of pharyngeal airway patency [65-67]. Certain therapeutic
agents commonly used in persons living with HIV infection (anxiolytics, antide-
pressants, analgesics) have sedating properties and as such would be predicted to
raise arousal threshold (i.e., difficult to wake up) [67].

2. cART may simply be facilitating restoration of health and concomitant weight
gain such that obesity occurs via the natural history of current diet and exercise
patterns [67, 68].

3. The prolonged survival of contemporary HIV-infected patients with improved
cART may extend the effects of HIV viremia and immune activation/inflamma-
tion over time. Systemic inflammation could affect OSA risk via impaired pha-
ryngeal mechanics and/or could affect the risk of OSA cardiometabolic
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complications via inflammatory pathways [67-69]. cART may be prolonging
survival such that aging effects on the upper airway may have time to manifest.
A variety of these factors likely contribute to the observed link between HIV
infection and OSA.

Excessive daytime sleepiness is very common in HIV-infected patients (25-30%)
[62].

Men with moderate to severe OSA were more likely than men with mild OSA to
have sleepiness. One notable finding was that excessive sleepiness was associated
with sleep-disordered breathing as defined by the respiratory disturbance index, but
not as defined using the apnea-hypopnea index (AHI). Since recurrent arousals are
well known to result in sleepiness [70—73], this disparity most likely reflects the fact
that the RDI includes respiratory-related arousals in its definition, while the AHI
definition does not.

Fatigue is a common symptom in persons living with HIV, and thus OSA may
contribute via sleep disruption in these individuals [62]. Recent studies showed that
witnessed apnea was the strongest independent predictor of fatigue. Other predic-
tors included opioid use, depression, antidepressant use, and sleep duration<6 h.

These data taken together strongly support the need for increased efforts directed
at early screening and treatment of OSA and other sleep disturbances in patients
with HIV infection [74].

Etiology of Neurologic Manifestations in HIV

HIV-1 is a lentivirus (a subgroup of retrovirus) retrovirus and contains ribonucleic
acid (RNA). Two distinct types are HIV-1 and HIV-2, while HIV-1 is the predomi-
nant virus worldwide. HIV strains can be macrophage — or T lymphocyte — tropic
and are capable of infecting differentiated cells and macrophages. HIV infection of
the brain involves various cells including perivascular macrophages/microglial cells
and astrocytes (Table 3.4). HIV invasion and entry to the CNS is associated with
neuroinvasion, neurotropism, and neurovirulence. As mentioned before, neuroinva-
sion most likely occurs early via infected macrophages which cross the BBB and

Table 3.4 Cells in human
body which significantly
affected by HIV/AIDS

Lymphoreticular system
CD4* T lymphocyte
Macrophage

Monocyte

B lymphocyte
Endothelial cells
Microglia

Astrocytes

Oligodendrocytes

Neurons
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infect adjacent cells. Another mode of entry via the choroid plexus has also been
postulated. Infected macrophages/microglia and astrocytes generate and secrete a
number of neurotoxic substances, which collectively add to the pathophysiology of
HAD. Some of these are inflammatory cytokines such as TNF-a, IFN-Y, and
platelet-activating factor. Levels of cytokines IL-1, IL-6, and TGF-p are elevated in
the brain and CSF of patients with HAD. Chemokines are also released by activated
and infected macrophages which include MIP-1a/CCL3, MIP-1p/CCL4, RANTES/
CCLS5, SDF-1/CXCL12, and CX3CCLI. Other released inflammatory mediators
include eicosanoids, excitatory amino acids (such as glutamate), reactive oxygen
and nitrogen species, TNF-related apoptosis-inducing ligand, and viral proteins
(gp120, gp41, Tat, Nef, and Vpr) (Fig. 3.1) [22].
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Fig. 3.1 HIV-infected macrophages and microglial cells release neurotoxic viral proteins that
trigger astrocyte activation, which results in increased glutamate release and reduced glutamate
uptake. Elevated extracellular glutamate levels cause neuronal bioenergetic disturbances that lead
to aberrant synaptodendritic pruning and neuronal injury. Moreover, systemic inflammation and
microbial translocation products lead to microglial activation and increased production of chemo-
kines and cytokines that contribute to neuronal injury (From Saylor et al. [22]. Copyright permis-
sion obtained; Adapted from Williams et al. [89])
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Viral load found in CSF may be related to the severity of HAD. Increased levels
of viral protein and RNA detected in CSF have been noted in HAD compared to
non-demented AIDS patients.

Neuropathology

Three salient pathological changes observed in HIV encephalitis, both in adults and
children, are (1) the presence of multinucleated giant cells or viral antigen, (2) white
matter pallor, and (3) microglial nodules [75, 76]. The disruption of the BBB per-
mits egress and deposition of serum proteins into the CNS, which is linked to the
white matter pallor. In children, there is also mineralization adjacent to blood ves-
sels. Postmortem examination has demonstrated a number of distinct arrays of neu-
ronal loss [77, 78]. While the larger pyramidal neurons within the cortex are more
susceptible to cell death, other neurons expressing somatostatin are resistant to HIV
injury.

Vacuolar myelopathy is neuropathologically described as intralaminar edema
inside of the myelin sheaths with axonal preservation. Neuropathologically, vacuo-
lar myelopathy of AIDS resembles subacute combined degeneration [13].
Macrophages also play a role as they are found in the posterior columns along with
enhanced expression of activation markers. Studies have indicated a relationship of
low levels of the protein negative regulatory factor (Nef) in oligodendrocytes with
the development of vacuolar myelopathy.

The mechanisms for neuropathy in HIV patients are related to neuronal and axo-
nal injury due to neurotoxicity of HIV and envelope glycoprotein gp120. HIV infec-
tion alone in the root ganglia leads to upregulation of IL-1f and TNF-a. As
mentioned before, macrophages can play a role in the dorsal root ganglion neurons
and Schwann cells. Gp120 is involved in direct toxicity by activation of the mito-
chondrial caspase pathway which leads to apoptosis and axonal degeneration. HIV
patients also exhibit distal sensory polyneuropathy with reduction of epidermal
nerve fibers in lower extremities related to macrophage infiltration and activation
markers. Other agents like alcohol and illegal drugs in patients with HI'V contribute
to neuropathy. Nutritional factors like vitamin deficiencies should be addressed in
this population. Neuropathy does not seem to be related to viral load or decreased
CD4* T lymphocyte count.

Mitochondrial toxicity has been suggested with the use of nucleoside reverse
transcriptase inhibitors. L-carnitine levels are reduced which causes a disruption in
the membrane energy balance and fatty acid oxidation. Low levels of L-carnitine are
reported in patients with neuropathy likely from the accumulation of fatty acids.
L-carnitine is important for peripheral nerve regeneration and its neuroprotective
abilities.

HIV patients may develop inclusion body myositis or polymyositis, and
histopathologic studies of these cases have revealed the upregulation of Toll-like
receptor-3 mRNA [79].
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Epidemiology

Mild forms of cognitive impairment happen in about 40% of HIV patients, while the
prevalence of HIV-related dementia in advanced stages is 7-27%. The incidence
increases by threefold with CD4* lymphocyte count below 200 cells/mm?* and by
sevenfold if less than 100 cells/mm?. Coinfection with hepatitis C and coexistence
of diabetes mellitus are also other contributing factors in the development of cogni-
tive problems. The introduction of HAART decreased the incidence of dementia in
both adults and children.

Neuropathies in HIV patients are on the rise and affect as much as 50% of
patients receiving HAART. Risk factors for peripheral neuropathy include male sex,
older age, alcohol abuse, and exposure to dideoxynucleosides and protease inhibi-
tors. Sympathetic sensory neuropathy is common with didanosine and stavudine.

Prevention

The incidence of HIV has dropped due to availability of HAART and more wide-
spread use of preventive methods. Public knowledge about AIDS and its devastat-
ing consequences has increased, which in turn, may explain lower number of new
cases. Primary prevention places emphasis of prevention of occurrence of the infec-
tion. Nowadays, society is more aware of the various mechanisms of transmission
and modes of prevention such as condom use, substitution of formula for breast-
feeding, and avoiding needle sharing in drug abusers. The medical world has wit-
nessed a significant drop in incidence rate since the 1980s due to this approach;
however, there still exist areas of concern such as rate of new cases in the minority
communities. Early detection and treatment constitute the main target for the sec-
ondary prevention. Early treatment maintains patients in the latent period longer
and delays symptomatic progression of the disease. Tertiary prevention focuses on
limiting disability and rehabilitation. Prophylactic therapy for opportunistic infec-
tions is a form of primary prevention but can be successful in secondary and tertiary
levels.

Differential Diagnosis

HIV-associated dementia can be mistaken for opportunistic infections, CNS lym-
phoma, vascular disease, toxic effects, metabolic etiologies, and depression. Each
one of these conditions affects the HIV patient’s cognition adversely. Meticulous
examination is necessary to tease out the correct diagnosis. The patient’s age also
needs to be considered as a contributing factor in the development of dementia
especially as the HIV population is treated with better drugs and living longer. The
differential diagnoses of HIV myelopathy include infectious, neoplastic, and meta-
bolic myelopathies. Coinfection with varicella zoster, herpes simplex, and HTLV-I
and HTLV-II should be considered and ruled out. Chronic neuropathy may be due



3 HIVInfection of Human Nervous System: Neurologic Manifestations, Diagnosis 91

to alcoholism, metabolic derangement, paraneoplastic, and paraproteinemic causes.
cART-related neurotoxicity-induced neuropathies are dose dependent and improve
with cessation.

Diagnostic Workup

Neuroimaging plays a crucial role in diagnosis, differential diagnoses, treatment,
and follow-up of patients with neuroAIDS. Obtaining an MRI of the brain and spi-
nal cord with and without contrast is of utmost significance. Patients with HIV
encephalitis demonstrate cerebral and basal ganglia atrophy as well as widespread
hyperintense white matter lesions on T2-weighted sequences (Fig. 3.2) [80]. 1H
MR spectroscopy of patients with HAD has shown an increased myoinositol/cre-
atine (ml/Cr) ratio in the frontal white matter using SV-MRS and an increased cho-
line (Cho)/Cr ratio in the mesial frontal gray matter compared to HIV+ individuals
without psychomotor slowing (Fig. 3.3) [12]. It also reveals decreased N-acetyl
aspartate peak in the brain — an indicator of neuronal injury or death in the context
of HAD [81]. In HIV-seropositive patients without dementia, IH MRS reveals ele-
vated levels of the glial marker myoinositol/creatinine in the white matter [82, 83].
Other neuroimaging findings of HAD include cerebral atrophy along with atrophy
of the basal ganglia and the presence of white matter hyperintensities on FLAIR
sequences. Cord atrophy may be seen on spine MR imaging which points to a diag-
nosis of vacuolar myelopathy.

HIV encephalitis

Fig.3.2 Brain axial view, FLAIR sequence. MRS. Hyperintensity in white matter involving cen-
trum semiovale and internal and external capsule. Widespread demyelination including the corpus
callosum
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HIV encephalitis

Fig. 3.3 Magnetic resonance spectroscopy in white matter (left): parietal region. On the right,
frontal region. Decreased NAA indicating neuronal loss, increased myoinositol showing increased
membrane metabolism corresponding to an active inflammatory process, increased myoinositol
indicating increase in glial component

Examination of CSF reveals pleocytosis along with elevated protein concentra-
tion. Other reported CSF abnormalities include the detection of HIV-1 antigen as
well as intrathecal generation of anti-HIV-1 antibodies and oligoclonal bands and
detection of the inflammatory mediators such as CCL-2 and sCD14. Other markers
of active inflammation and potent immune response in the CSF of AIDS patients
include elevated levels of beta-2 microglobulin and neopterin. Bossi et al. [84] pro-
spectively measured the level of HIV-1 RNA in the CSF of AIDS patients and
reported that the HIV-1 RNA is detectable in CSF of AIDS patients; however, this
parameter was not an accurate marker of HIV encephalitis. MRI and CSF examina-
tions, combined, also enable the neurologist to exclude other differential
diagnoses.

Electromyography and nerve conductions are routinely performed in AIDS
patients with peripheral neuropathy. Diagnosis of AIDP and CIDP in AIDS patients
follows the same protocol in HIV-seronegative patients. Certain AIDS patients with
HIV-induced myopathy or muscle disease secondary to antiretroviral medications
may require muscle biopsy.

Treatment

Presently, AIDS and neuroAIDS remain incurable and existing therapeutic mea-
sures only contain the infection and improve patient’s clinical symptoms. Available
antiretroviral therapies, if successful, can only decelerate the progression of the
underlying disease and by altering its natural course, enhance patient’s lifespan.
There has been a drop in the number of patients with HIV infection and moderate to
severe dementia following the use of HAART as of 1996 [85]. Interestingly, the
sustained presence of less severe forms of HAND, even in patients with sustained
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virologic control, fosters the idea that cognitive decline in certain patients may not
be responsive to treatment. Multiple antiretroviral agents have been shown to have
a better effect than monotherapy or no therapy at all in patient with HI'V-related
dementia. Another significant finding is that, even in the time of treatment with
antiretroviral medications, a significant drop of the number of CD4* T lymphocytes
remains a strong risk factor for development of HAND. This also points to the fact
that profound immunosuppression may lead to permanent neuropathology [86].

Improvements in psychomotor activities and speed have been shown in patients
treated with HAART. MRI spectroscopy has shown the HAART regimen reverses
abnormalities in brain metabolites seen in mild HIV dementia. HAART also has an
effect in improving cognitive deficits compared to AZT or dual antiviral therapy.
Some patients improve dramatically and may be able to return to employment.
Neuropsychological evaluation shows improvement in the areas of attention, verbal
fluency, and visuo-construction tasks. Of all FDA-approved antiretroviral medica-
tions, most have weak CSF-to-plasma ratios except for AZT, stavudine, abacavir,
and nevirapine. Triple therapy is preferred. Viral load elevation following initiation
of therapy may indicate resistance. Anti-inflammatory medications, antioxidants,
and anti-excitotoxic agents may be utilized to circumvent neurodegeneration.

Psychiatric assessment and treatment of patients with neuroAIDS and HAD are
necessary and useful since many of these patients suffer from agitation, anxiety,
fatigue, and depression. Antidepressant, antipsychotics, or psychostimulants can
help treat mania and psychosis. A multidisciplinary team should be available to
these patients. Nutritional therapies can help with cognitive and motor symptoms
particularly in those patients with wasting syndrome or toxic nutritional deficien-
cies. One particular medication, efavirenz, despite having good CNS penetration,
may be associated with significant neuropsychiatric side effects (such as depression,
anxiety, paranoia, and psychosis) and should be generally avoided in AIDS patients
with psychiatric disorders.

Vacuolar myelopathy is incurable with very limited treatment options. The man-
agement of these patients significantly relies on physical therapy and symptomatic
treatment of spasticity and its related complications. Gait difficulties as well as
sphincter dysfunction require symptomatic therapy. There is no treatment for sen-
sory polyneuropathy. However, neuropathy due to nucleoside analogue reverse tran-
scriptase inhibitors may be treated with acetyl-L-carnitine. Supportive therapies
such as pain management are also recommended for polyneuropathy.

Syndromes like AIDP and CIDP should be treated as with seronegative HIV
patients. Some patient may improve with HAART. Patient with AZT myopathy can
be helped with L-carnitine. Movement disorders in HIV patients are treated by
treating the underlying opportunistic infection. They are not usually responsive to
symptomatic treatment [87, 88]. One exception may be cases of hemiballismus,
which may get better with the use of antipsychotics.

Except for eradication of secondary causes, treatment of headache in HIV is
geared toward symptom improvement. General preventive and abortive headache
treatments can be implemented. However, Sheikh and Cho [29] point out that there
are important caveats to drug treatment in HIV patients due to their comorbidities
and drug interactions with cART. Because HIV patients are at risk for vascular
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disease earlier in life, the practitioner must rule this out in each patient prior to using
triptans. Triptans and preventives metabolized by the liver may also be contraindi-
cated if the patient has hepatitis C, commonly seen with HIV. Ergots (rarely used for
acute migraine anymore) and ergot derivatives such as dihydroergotamine are
strictly contraindicated in the presence of protease inhibitors for HIV treatment
because of reports of sometimes fatal ergotism. If nonsteroidal anti-inflammatory
agents are used for headache, they should not be paired with proton pump inhibi-
tors, which can interact with some cARTSs causing decreased efficacy of the latter.
Patients treated with corticosteroids to “break™ a prolonged headache cycle must be
monitored for signs of worsening immunosuppression. Beta-blockers for preven-
tion are okay with the exception of metoprolol, which may act as a substrate for
some cART medications. Divalproex sodium and topiramate are relatively safe in
this population. Carbamazepine should be avoided due to induction of the CYP450
system leading to lower cART concentrations. Fluoxetine inhibits CYP450 and
interferes with cART as well. On the other hand, tricyclic antidepressants and
serotonin-norepinephrine reuptake inhibitors are used without problems for pain
and headache syndromes in HIV. For chronic migraine, onabotulinum toxin A is the
only FDA-approved preventive treatment and should not pose a problem for HIV
patients. Injectors should take routine precautions to avoid HIV transmission
through blood contact.

Conclusion

Over the past two decades and with widespread utilization of cART, the natural
course of HIV infection has altered, and consequently neurologists encounter
opportunistic CNS infections, CNS lymphoma, and HIV vacuolar myelopathy
uncommonly. More chronic complications of AIDS such as cognitive decline,
psychiatric disorders, peripheral neuropathy, and the side effects of antiretroviral
therapy constitute most of the present day neurology consults. Proper and timely
diagnosis of AIDS and its neurologic complications and early initiation of the
therapy do carry a significant effect on the disease process and can potentially
improve the quality of life of AIDS patients.
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Central Nervous System Vasculitis:
Immunopathogenesis, Clinical Aspects,
and Treatment Options

Roger E. Kelley, Ramy El-Khoury, and Brian P. Kelley

Introduction

There continues to be significant challenges in determining the etiology of vascu-
lar inflammation of the nervous system. Not only can the clinical presentation be
obscure, there is the differentiation of primary central nervous system (CNS) vas-
culitis from secondary vasculitis related to various systemic illnesses such as con-
nective tissue disorders, sarcoid, infectious etiologies such neuroborreliosis,
neoplastic vascular involvement, and an array of other autoimmune processes
such as Susac syndrome and demyelinating disorders. Primary CNS vasculitis,
also known as angiitis, is often denoted as primary angiitis of the CNS (PACNS).
It is considered rare, but enhanced diagnostic measures have led PACNS to be a
not uncommonly encountered component of the differential diagnosis in the
inflammatory disorders of the CNS. Much has been made of the determination of
PACNS by vasculitic changes most sensitively detected by a suggestive pattern on
intra-arterial cerebral angiography (Fig. 4.1). However, it is now well recognized
that the sensitivity of such imaging is certainly not 100% especially when one is
encountering small vessel involvement. On the other hand, the index of suspicion
tends to be much higher when there is a so-called smoking gun for inflammatory
CNS disorders such as coexistent rheumatological disorders including systemic
lupus erythematosus, Sjogren’s syndrome, neuro-Behcet’s disease, Wegener’s
granulomatosis, polyarteritis nodosa, Kohlmeier-Degos disease, Cogan’s syn-
drome, sarcoid granulomatosis and angiitis, granulomatous (temporal) arteritis,
and scleroderma. The overall differential diagnosis of central nervous system
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Fig. 4.1 Cerebral arteriogram in patient diagnosed with primary central nervous system angiitis.
There is diffuse vessel narrowing in this patient with a stroke-like presentation

Table 4.1 Differential diagnosis of primary central nervous system vasculitis

1. Primary angiitis of the CNS

10. Progressive multifocal leukoencephalopathy

2. Reversible cerebral
vasoconstriction syndrome

11. Lymphocytic angioendotheliosis

3. Fibromuscular dysplasia

4. Systemic autoimmune
disorders (Table 4.2)

12. Cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL)

5. CNS lymphoma

6. Multiple sclerosis

7. Acute disseminated
encephalomyelitis

13. Chronic lymphocytic inflammation with pontine
perivascular enhancement responsive to steroids
(CLIPPERS)

8. CNS infectious processes
(Table 4.3)

9. Moyamoya disease

14. Mitochondrial encephalopathy with lactic acidosis and
stroke-like syndromes (MELAS)

vasculitis is summarized in Table 4.1. Potential autoimmune mechanisms are

summarized in Table 4.2.

From a practical standpoint, one must determine if the presentation represents
actual PACNS, when confined to the CNS, or the primary mimic of this disorder
which is reversible cerebral vasoconstriction syndrome (RCVS). This has major
implications, and it will determine whether or not potent immunosuppression, spe-
cifically for PACNS, is indicated or not.
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Table 4.2 Autoimmune disorders associated with central nervous system vasculitis with
subcategories

Large vessel Medium vessel

1. Giant cell arteritis 1. Polyarteritis nodosa
2. Takayasu arteritis 2. Kawasaki disease
Small vessel rheumatologic

1. Systemic lupus erythematosus 3. Sjogren’s syndrome
2. Rheumatoid arthritis 4. Scleroderma

Antineutrophil cytoplasmic antibody (ANCA) associated

1. Wegener’s granulomatosis 3. Microscopic polyangiitis

2. Churg-Strauss syndrome

Immune-complex deposition associated

1. Henoch-Schonlein purpura 2. Cryoglobulinemia

Other inflammatory or undetermined pathogenesis

1. Neuro-Behcet’s syndrome 4. Cogan’s syndrome

2. Sarcoidosis disease 5. Churg-Strauss syndrome

3. Susac syndrome

Primary Angiitis of the Central Nervous System (PACNS)
Overview

PACNS is based upon the determination of unexplained neurological or psychiatric
manifestations with demonstration of arteritis of the CNS by either angiography and/or
pathological confirmation. Childhood PACNS is similar except for an age range of
1 month of age or older up to 18 years of age [1]. In many patients, the clinical presen-
tation is one of the unexplained stroke-like features along with headache, cerebrospinal
fluid (CSF) pleocytosis, and lack of systemic manifestations. In such a clinical setting,
routine cerebral angiography remains indicated despite the attractiveness of magnetic
resonance angiography (MRA) or computed tomographic angiography (CTA) as less
invasive alternative vascular imaging modalities. It has been proposed that the criteria
for diagnosis be separated into definite and probable categories [2]. It has also been
proposed that subcategorization into granulomatous angiitis of the central nervous sys-
tem, benign angiopathy of the CNS, and atypical PACNS is also indicated [3].

In certain patients, there can be an insidious course with subtle manifestations
predating a more definitive diagnosis by up to several years. This form of granulo-
matous angiitis is associated with small vessel infarction in different vascular terri-
tories along with a meningitic symptoms [4, 5]. There can also be spinal cord
involvement [6]. Such small vessel involvement, especially in vessels smaller than
500 pm, limits the sensitivity of even routine angiography with a reported detection
rate ranging from 40 to 90% [1]. One study reported a sensitivity of cerebral angi-
ography as low as 27% when compared to documentation by tissue biopsy [7]. In
such circumstances, leptomeningeal enhancement on MRI brain scan can be par-
ticularly pertinent in helping to raise concern about such a vasculitis process and
guiding planned biopsy [8].
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Diagnosis

It is expected that MRI brain scan will be of particular value in supporting or refut-
ing CNS vasculitis. MRI brain scan abnormality, along with CSF pleocytosis, is
found in greater than 90% of patients [2]. Conversely, a normal MRI brain scan and
negative CSF exam are expected to have a high level of confidence in ruling out
PACNS as an explanation for the symptoms. The helpful MRI clues to diagnosis are
a characteristic vascular pattern in different distributions seen on either T2-weighted
or fluid attenuation inversion recovery (FLAIR) images. This along with a lepto-
meningeal enhancement pattern can be particularly pertinent. However, leptomen-
ingeal enhancement is uncommonly reported to occur in roughly 8% of patients [9].
Enhancement of parenchymal lesions in PACNS is reported to occur in up to one-
third of patients [4].

It is reported that the CSF is abnormal in up to 80-90% of patients with PACNS
[2], but the findings can be quite subtle and nonspecific such as a modest elevation
of the white blood cell count or the total protein. However, CSF analysis also serves
to determine if there may be a systemic process such as infection, connective tissue
disorder, or malignancy. A pronounced CSF white blood cell elevation, especially
with polymorphonuclear leukocytes, rather than a relatively modest lymphocytic
pleocytosis, should raise particular concern about alternative explanations. In such
circumstances, gram stain and bacterial culture, along with viral culture and appro-
priate viral polymerase chain reaction (PCR), as well as a fresh, large CSF sample
for cytology, will be indicated. White matter signal intensity changes in such a clini-
cal setting should also lead to serious consideration of a multiple sclerosis panel.

PACNS remains a diagnostic challenge, and this is probably compounded by the
fairly routine substitution of routine intra-arterial cerebral arteriography with less
invasive modalities specifically MRA and CTA which have lower diagnostic yield.
This mandates higher levels of suspicion for PACNS when features in Table 4.3 are
present. The sensitivity of brain/leptomeningeal biopsy varies from 36 to 83% [2].
The supportive histologic findings include lymphocytic cellular infiltrates, granulo-
matous inflammation, and vessel wall fibrinoid necrosis [6]. In the Mayo Clinic
cohort [10], of 163 patients diagnosed with PACNS, 105 were diagnosed on the basis
of cerebral angiographic findings, while 58 were diagnosed by biopsy. The authors
were able to identify some differentiations in their cohort with biopsy-proven sub-
jects more likely to present with cognitive impairment as well as had higher CSF
protein, less frequent cerebral infarction pattern, more frequent enhancing lesions on

Table 4.3 Features which can raise concern about primary angiitis of the central nervous system
in a patient with stroke-like presentation

1. Unexplained ischemic stroke | 4. Leptomeningeal enhancement

2. Multiple vascular territories 5. Cerebrospinal fluid pleocytosis
involved
3. Accompanying headache 6. Suspicion of cerebral arterial narrowing, especially

beading pattern, on angiography
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MRI, as well as lesser mortality and morbidity. On the other hand, those identified by
cerebral angiography had more frequent stroke-like presentations both clinically and
by imaging along with greater mortality. It was theorized that this was attributable to
larger vessel involvement in the angiogram-positive group.

Treatment

The importance of accurate diagnosis is underscored by the dilemma of an unrecog-
nized and untreated serious disease process, with potentially devastating conse-
quences, versus empiric therapy with potent immunosuppressive agents which can
have serious long-term side effects. The treatment for PACNS remains empiric with
no randomized clinical trials available to provide convincing guidance. Because of
the inflammatory nature of the disease process, immunosuppression is considered
the underpinning of effective management. This must factor in the risks versus
potential benefits of such therapy especially with the absence of specific biomarkers
for disease activity. This is in distinction to giant cell arteritis where both the eryth-
rocyte sedimentation rate (ESR) and C-reactive protein (CRP) can be of value in
monitoring the course of the disease and response to therapy [11].

Birnbaum and Hellman [2] outlined a therapeutic approach for PACNS in 2008
based upon presently available information. They combined cyclophosphamide at
2 mg/kg/day with prednisone at 1 mg/kg/day. In severe acute presentations, they initi-
ated methylprednisolone intravenously with 1000 mg daily for 3 days. This reflected
some alteration of the recommendation of Salavarani et al. [4] in which corticosteroid
therapy alone was felt to be adequate. In a recent review from 2013 [12], the combina-
tion of a corticosteroid and cyclophosphamide is felt to be the “gold standard.”
However, in light of concerns about the longer-term side effects of daily oral cyclo-
phosphamide, intravenous pulse therapy is reported to be less toxic and of equivalent
efficacy [13].There is also increasing acceptance of limiting the course of oral cyclo-
phosphamide therapy to no more than 3—6 months in light of these concerns over
longer-term toxicity [14]. Over the longer term, it has been recommended that predni-
sone be tapered and discontinued over a 12-month period [2], and cyclophosphamide
be replaced with lower-risk immunosuppressants such as azathioprine at 1-2 mg/kg/
day, methotrexate at 20-25 mg/week, or mycophenolate mofetil at 1-2 gram/day [15].
Most patients are felt to go into remission after a 12—18-month course of immunosup-
pression [16], but treatment for up to 2-3 years may be necessary [2].

Reversible Cerebral Vasoconstriction Syndrome (RCVS)
Overview
This is an increasingly recognized entity that has been invoked with various termi-

nologies such as Call-Fleming syndrome [17] as well as a migraine-related vaso-
spasm [18]. RCVS is characterized by severe headache in association with diffuse
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segmental vasoconstriction of the cerebral arteries that are generally reversible
within a 3-month time frame [19]. This “string of beads” pattern is most definitively
detected by intra-arterial digital subtraction angiography (DSA). However, the yield
of detection is reported to be as high as 80% by less invasive cranial tomographic
angiography (CTA) or magnetic resonance angiography (MRA) [20]. RCVS,
despite being viewed as a reversible process, is not only associated with what can be
incapacitating severe headache, which has been termed thunderclap to underscore
its severity [21, 22], it can also be associated with seizures, ischemic and hemor-
rhagic stroke, as well as subarachnoid hemorrhage not in association with cerebral
aneurysm [23].

The incidence of RCVS is unknown as its detection is predicated on pursuit of
cerebrovascular imaging in the clinical setting which is often arbitrary for a particu-
lar institution. There can also be a difference of opinion as to what constitutes RCVS
depending upon the criteria used by the reporting physicians [23]. This is often
dependent on the duration of the headache and any possible associated focal neuro-
logical deficit. Most patients have headache as the sole manifestation [24], and,
unlike the headache associated with aneurysmal subarachnoid hemorrhage, the
duration is usually no more than several hours [23].

Associated Conditions

Table 4.4 summarizes conditions that can be associated with reversible cerebral vaso-
constriction syndrome. There are particularly pertinent associations including
migraine; postpartum period vascular complications, including that associated with
preeclampsia and eclampsia; posterior reversible encephalopathy syndrome (PRES);
and convexity subarachnoid hemorrhage. It has been reported that two-thirds of
patients with postpartum RCVS have onset of symptoms within 1 week of delivery
and typically after an uncomplicated delivery [25]. RCVS can overlap with PRES in
between 8 and 39% of those affected [21, 26]. PRES is an encephalopathic condition
associated with seizures, headache, and visual loss [27]. Like RSCYV, the onset is usu-
ally sudden and is associated with reversible vasogenic edema seen either on CT or
more readily defined on MRI brain scan, particularly T2-weighted and FLAIR images
[28]. The DWI/ADC image pattern of hyperintensity on DWI and ADC has been
reported to be most common with some subjects showing hyperintensity on DWI with
hypointensity of ADC or normointensity on DWI and hyperintensity on ADC [29].

Table 4.4 Conditions associated with reversible cerebral vasoconstriction syndrome

1. Migraine angiopathy 5. Post-carotid endarterectomy

2. Postpartum angiopathy 6. Cerebral venous thrombosis

3. Posterior reversible encephalopathy syndrome 7. Convexity subarachnoid
hemorrhage

4. Vasoactive drugs including triptans, ergotamines, 8. Head trauma

sympathomimetic agents, immunosuppressants 9. Autonomic dysreflexia
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PRES tends to be self-limited with resolution of the vasogenic edema within
several days. However, despite the “reversible” connotation, one can see resultant
cerebral infarction, associated with cytotoxic edema, as well as intracerebral hemor-
rhage [30]. PRES is associated with numerous conditions, including infection,
markedly elevated blood pressure, autoimmune disease, immunosuppressants, cyto-
toxic agents, as well as eclampsia and preeclampsia. Naturally, the manifestations
of PRES, as well as the outcome, might well reflect the underlying associated
condition.

Migraine was previously thought to represent a vasoconstriction in the aura
phase followed by vasodilatation in the headache phase, at least in regard to migraine
with aura. However, this simplified approach has been abandoned to a considerable
degree. Despite this, concerns about vessel narrowing in migraine, especially when
there is focal neurological deficit, such as in hemiplegic migraine, have raised con-
cerns about the potential for infarction (Fig. 4.2). This is of particular concern with
vasoconstrictive agents such as triptans and ergot alkaloids. Of note, migraine is
often seen in association with RCVS and terminologies previously used, such as
migraine angiitis [31], or migrainous vasospasms [32] may have been reflective of
this association. Also of interest, in terms of potential overlap mechanism, triptans
and ergots have been reported to precipitate RCVS in certain patients [33] with
potentially serious consequences [34]. In addition, migraine in association with
RCVS is reported to increase the risk of cerebral hemorrhage [35].

Fig. 4.2 (a) Diffusion-weighted image (DWI) on magnetic resonance imaging (MRI) brain scan
of a 36-year-old woman with severe migraine-type headache in association with acute left side
weakness. There are multiple areas of increased signal intensity in the distribution of the right
middle cerebral artery (MCA). (b) Magnetic resonance angiography (MRA) revealed focal right
MCA narrowing (arrow) believed reflective of migrainous arteriopathy
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Treatment

Any potential factor possibly contributing to RCVS should be as effectively removed
as feasible. This would include discontinuation of vasoactive medications.
Management of associated hypertension is imperative as are symptomatic manage-
ment approaches to headache, avoidance of physical exertion, and relaxation mea-
sures for anxiety. There have been reports of response to vasodilating agents, such
as verapamil or nimodipine, as well as to magnesium [23], but no systematic ran-
domized control trials are presently available to support this in an evidence-based
approach.

Giant Cell (Temporal) Arteritis
Overview

This is a larger- and medium-size vessel inflammatory disorder typically seen in
older subjects, beyond age 50, with the peak incidence at 70-80 years of age [36].
It is most commonly seen in Caucasians of European descent [37]. An association
has been reported between HLA-DR4 and HLA-DRBI1 suggestive of a genetic sus-
ceptibility [38]. The female to male ratio is reported to be 3:1 [39]. There is consid-
erable overlap with a diffuse inflammatory disorder of the muscles, polymyalgia
rheumatica (PMR). Roughly 50% of patients with giant cell arteritis (GCA) develop
PMR either before, during, or after the time of presentation of GCA [40]. GCA is a
T-cell-mediated disorder with recruitment of both T cells and macrophages to form
a granulomatous infiltrate within the affected vessels [41]. On temporal artery
biopsy, one sees inflamed vascular tissue with various cytokine and other inflamma-
tory mediators [41]. Of interest, in terms of pathogenesis, Gilden and Nagel [42]
have reported a relationship between varicella zoster virus (VZV) antigen and posi-
tive GCA pathology on temporal artery biopsy. In an extension of this study [43],
they found VZV antigen in 74% of 82 GCA-positive biopsies. They theorize that
GCA has a viral-mediated trigger.

It is expected that the incidence of GCA will increase as the population has
greater longevity, and there is a present reported incidence of 27 cases per 100,000
for those 50 years of age and older [37]. The recognition is extremely important in
a timely fashion in light of the potential for ischemic optic neuritis with irreversible
blindness. This is reported to affect 10—15% of patients with GCA [44]. The protec-
tion of such an occurrence with early administration of steroid therapy is utmost
urgency in the clinical setting.

Manifestations

A patient presenting with new onset headache at 50 years or beyond should always
raise concern about GCA. Localization to the superficial temporal artery region
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Table 4.5 Features of giant cell (temporal) arteritis

1. Moderate to severe head pain in region of | 6. Elevation of the erythrocyte sedimentation

the superficial temporal artery rate (ESR)

2. Age > 50 years 7. Elevation of the C-reactive protein (CRP)

3. Predilection for female Caucasians 8. Systemic complaints which can include

4. JTaw claudication fever, malaise, and weight loss

5. Neck pain 9. Temporal biopsy with characteristic
granulomatous inflammation

along with tenderness to palpation of this region should heighten the degree of con-
cern. These are the most common manifestations. There can be accompanying jaw
claudication and neck pain. It is also important to recognize that there can be sys-
temic manifestations including fever of unknown origin, lassitude, and malaise, as
well as loss of appetite with weight loss. The vasculitic process can involve not only
the temporal arteries but also the carotid distribution, the aortic arch, as well as the
axillary, iliac, and femoral arteries [45]. There can be both arterial and venous
occlusive events associated with such inflammation including both myocardial
infarct and stroke [46]. Features of GCA are summarized in Table 4.5.

Diagnosis and Treatment

The American College of Rheumatology criteria [38] factors in such features as
head pain in the region of the superficial temporal artery, age > 50, and elevation of
the erythrocyte sedimentation rate (ESR) to > 40 mm/h to formulate their criteria for
diagnosis with a reported sensitivity of 93.5% and specificity of 91.2% [45].
However, Murchison et al. [47] reported that the use of these criteria alone, without
confirmatory temporal artery biopsy findings, could miss up to 25% of cases. The
ESR is often quite high at 80 mm/h or above, and the C-reactive protein (CRP) is
often quite elevated. These are not 100% in terms of degree of detection, however.
One study of 764 subjects [48] reported a sensitivity of the ESR of 84% and the
CRP of 86% but with a specificity of 30%. Overall, the yield is quite high with only
4% of patients having normal ESR and CRP values at the time of diagnosis.

Because of the low specificity for the ESR and CRP, and the need to support
ongoing steroid therapy if indeed the patient has GCA, then a temporal artery biopsy
is mandatory. The granulomatous inflammatory findings expected on biopsy are
detected in 85-95% of GCA cases [49]. The urgency to protect against potential
blindness, with steroid therapy, can lead to misdiagnosis. Saedon et al. [50] reported
that clinical criteria for diagnosis, without confirmatory biopsy findings, led to
immunosuppressive treatment in 61% of 112 patients which raises some concern
about possible unnecessary treatment in some subjects.

A generally accepted approach is the initiation of prednisone at 1 mg per kg of
body weight per day. For those patients with worrisome visual symptoms, a 3-day
course of daily 1000 mg intravenous methylprednisolone would be indicated.
Assuming response, various tapering courses have been implemented. It has been
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suggested that a reasonable approach is reduction of the dose of prednisone by
10-20% every 2 weeks down to less than 10 mg a day, and then a slower taper fol-
lows by 1 mg per month [40]. The course of tapering is obviously influenced by the
ESR, and CRP results with such studies recommended monthly the first year,
bimonthly the second year, and every 3-6 months for longer-term follow-up.
Alternative agents for those patients either not responsive or intolerant of glucocor-
ticoids include cyclophosphamide, methotrexate, azathioprine, and infliximab [51].
Antiviral therapy will certainly be investigated in light of the recent identification of
an association with VZV [42, 43].

Polyarteritis Nodosa (PAN)
Overview

PAN usually presents in the fourth or fifth decade but can present in childhood. Men
are affected twice as commonly as women. There can be an association with hepa-
titis B or C infection [12]. There is typically multi-organ involvement. The systemic
inflammatory process can be reflected in systemic signs such as fever, malaise, and
weight loss. This can be supported by an elevated ESR, and renal involvement is
usually accompanied by proteinuria as well as hypertension. Dermatological mani-
festations and peripheral neuropathy tend to be particularly common.

Despite potentially devastating effects, PAN is not uncommonly associated with
CNS vascular involvement. In one report, 12% of 26 patients had only CNS involve-
ment, while 34% had combined CNS and peripheral nervous system (PNS) involve-
ment [52]. This systemic vasculitis is associated with necrotizing inflammatory
vascular lesions of primarily small- and medium-size muscular arteries. There tends
to be preferential involvement of vessel bifurcations. There is microaneurysm for-
mation with the potential for hemorrhage as well as thrombosis with infarction [53].
Cumulative involvement of the brain can result in a multifocal encephalopathy in up
to 40% of affected patients [54], but isolated cerebral infarction or hemorrhage can
be the presenting manifestation. One can see a lacunar-type infarction pattern
related to thrombotic microangiopathy [55]. Generally speaking, in light of the
potential for smaller vessel involvement, cerebral arteriography is recommended for
evaluation of patients suspected of having the disease.

Diagnosis and Treatment

The spectrum of manifestation of a systemic vascular inflammatory process should
raise suspicion for PAN in the differential diagnosis. Pathological confirmation is
most readily determined when there is associated dermatological or PNS involve-
ment available for biopsy. The diagnostic challenge of CNS involvement is lessened
by the tendency for cerebral, or spinal, vasculitis to develop 2-3 years later than
other manifestations.
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The treatment is immunosuppression. In uncomplicated disease, corticosteroids
can have a very positive impact on prognosis including survival [56]. In more aggres-
sive disease, cyclophosphamide combined with steroid can have a positive impact
[57]. Anecdotally, rituximab may provide benefit in refractory cases of PAN [12].
Antiviral therapy combined with immunosuppression is reported to be of particular
benefit in hepatitis B- and C-related PAN [58] especially in severe disease [59].

Antineutrophil Cytoplasmic Antibody (ANCA)-Associated CNS
Vasculitis

Overview

Antibodies reflective of ANCA are directed against certain cytoplasmic proteins within
neutrophils and appear to be part of the pathogenesis in certain vasculitides. This is an
evolving process both in terms of insight into mechanism and terminology. For exam-
ple, “Wegener’s granulomatosis’ has been suggested to be replaced with “granuloma-
tosis polyangiitis” (GPA). Churg-Strauss syndrome has been proposed to be replaced
with eosinophilic granulomatosis with polyangiitis (EGPA). The other commonly cited
ANCA-related vasculitic process is microscopic polyangiitis (MPA) [60].

CNS involvement by Wegener’s granulomatosis is quite uncommon [61]. It can be
associated with either small to medium-sized cerebral vasculitis, meningitis, or orbital
granuloma [62]. There can be extension of the granulomatous process to the cavern-
ous sinus with resultant cavernous sinus syndrome [63]. Cerebral vasculitis is seen in
up to 4% of patients and is reported to be the most frequent CNS manifestation [64].

MPA affects small vessels such as arterioles, capillaries, and venules and can be
associated with cerebral infarction [65] although reports tend to be few and far
between reflective of the rarity of such a disorder. There is the potential for lacunar-
type infarct as well as hemorrhagic stroke, and support for the diagnosis can come
from elevated ESR and CRP, positive ANCA, and pathological confirmation such as
sural nerve biopsy [66].

EGPA affects small- and medium-size vessels. This is a systemic process typi-
cally affecting the lungs with asthma and eosinophilia and often with gastrointesti-
nal involvement as well. The necrotizing small vessel vasculitis can also affect the
CNS with resultant stroke, ischemic or hemorrhagic [54]. Although rare, it has been
proposed that this diagnostic possibility be raised in patients with stroke and hype-
reosinophilia [12].

Diagnosis and Treatment

Recognition of the clinical manifestations is key with such a systemic granulomato-
sis processes as Wegener’s, aka GPA, and Churg-Strauss, aka EGPA. Pathological
confirmation of available tissue for biopsy is of utmost importance as aggressive
immunosuppressive therapy can be of clear benefit in most patients. In EGPA, for
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Table 4.6 Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis types and

patterns
Designation Alternative name Areas of involvement CNS manifestations
Wegener’s Granulomatosis with | Small and medium Ischemic and
granulomatosis polyangiitis blood vessels of hemorrhagic stroke
multiple organs small- and medium-
size vessel pattern
Churg-Strauss Eosinophilic Pulmonary with Ischemic and
syndrome granulomatosis with | eosinophilic asthma, hemorrhagic stroke
polyangiitis gastrointestinal, and with nodular small
other organs vessel polyangiitis,
seizures, cranial nerve
palsies
Microscopic Micro-arteriolar Ischemic small vessel
polyangiitis necrotizing systemic infarcts, sino-venous

pattern

occlusion,

hemorrhagic stroke,
basilar meningitis

example, the small epineural arteriolar inflammatory process is often identified on
peripheral nerve biopsy as neuropathy is a common manifestation of this illness
[67] with CNS involvement much less common [68]. Characteristically, one sees
necrotizing vasculitis with eosinophilic infiltration along with extravascular granu-
lomas. In this disorder, corticosteroid therapy can be highly effective with one study
demonstrating remission in 94% of patients during the first year of therapy [69].

More aggressive ANCA-associated inflammatory disease, especially when asso-
ciated with cerebral vasculitis, often calls for more potent immunosuppression such
as a combination of cyclophosphamide and high-dose glucocorticoids. Gaining
acceptance as a replacement for cyclophosphamide is rituximab shown to be non-
inferior in two ANCA-associated vasculitis studies [70, 71]. Both azathioprine and
methotrexate can be alternatives for chronic immunosuppression [72].

It is important to point out that the role of ANCA autoantibodies in the pathogen-
esis is not clearly defined. For example, Wegener’s granulomatosis can be associ-
ated with polyangiitis in ANCA-negative patients [73]. In addition, the presence of
ANCA antibodies can overlap with other autoimmune disorders, such as Sjogren’s
syndrome, and possibly contribute to the spectrum of manifestations [74]. ANCA-
associated vasculitic disorders are outlined in Table 4.6.

Takayasu Disease
Overview

This is a larger-vessel granulomatous vasculitis with particular involvement of the
aorta and its major branches. It is typically seen in patients less than 40 years of age
[54]. It is much more commonly seen in women than men. Aortic imaging in
patients suffering from large artery occlusive disease, with loss of pulses (pulseless
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disease), is vital in diagnostic evaluation. Systemic manifestations can precede
occlusive events and include fever, malaise, and loss of appetite. Elevated ESR and
CRP call attention to the inflammatory nature of this rare disorder. The natural his-
tory can range from mild to severe [75]. Involvement of the carotid arteries can
result in ischemic optic neuropathy and stroke. Corticosteroid therapy is tradition-
ally the first line of immunosuppression. Unfortunately, the ongoing need for such
therapy often leads to side effects. Agents used for steroid sparing include azathio-
prine, methotrexate, antitumor necrosis factor receptor agents, rituximab, and
cyclophosphamide with some degree of response reported in open-label trials [76].

Neuro-Behcet’s Disease
Overview

Unlike Takayasu disease, Behcet’s syndrome is more common in men. There is a
triad of oral and genital ulcers with uveitis. There can be CNS involvement in up to
30% of cases which can include small vessel vasculitis and meningovascular inflam-
matory cell deposition. Neuro-Behcet’s disease can be either acute or chronic pro-
gressive [77]. The acute form can be set off by cyclosporine A. The acute form is
associated with a meningoencephalitis with focal lesions seen on T2-weighted and
FLAIR MRI [78]. This form tends to be very steroid responsive and self-limited.
The chronic form is characterized by a slowly progressive neurological impair-
ment with dementia, ataxia, and dysarthria [79]. There is an elevation of cerebrospi-
nal fluid interleukin-6 activity [54]. High-dose methylprednisolone tends to be the
first line of therapy with well-recognized resistance to such therapy along with
cyclophosphamide and azathioprine. However, low-dose methotrexate may be of
particular benefit for disease suppression in the chronic progressive form [80].

Cogan’s Syndrome
Overview

This rare autoimmune syndrome is characterized by bilateral interstitial keratitis
with profound sensorineural hearing loss. There can be systemic vasculitic manifes-
tations, and there are both typical and atypical presentations described [81]. There
can be an association with both ANCA antibodies and rheumatoid factor suggestive
of a potential overlap in terms of pathogenesis and potential contribution to vascu-
litis. There can be associated larger artery aneurysm formation which can include
the carotid artery [82]. This is reflective of the larger vessel involvement seen in
both Cogan’s syndrome and Behcet’s disease [83]. Of note, there is considerable
overlap in the manifestations of these two disorders with both diagnosed on the
basis of clinical manifestations with lack of confirmatory diagnostic testing. Despite
its recognition as a cause of CNS vasculitis, it is felt that Cogan’s syndrome is not
only quite rare but uncommonly results in neurological manifestations [84].
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Susac Syndrome
Overview

The clinical trial of this rare, apparent autoimmune process consists of CNS involve-
ment, branch retinal artery occlusions, and sensorineural hearing loss. As of a
review published in 2012, 304 cases of this syndrome had been reported worldwide
at that time [85]. There is an inflammatory process affecting microvessels of the
brain, retina, and inner ear. It has most commonly been reported in young women
and is felt to be underdiagnosed [86]. Retinal artery branch occlusions can be docu-
mented by fluorescein angiography, and compatible changes on MRI brain scan
have been reported in patients presenting with the triad. Antiendothelial cell anti-
bodies are found in some patients [86]. Response to immunosuppression has been
reported with corticosteroid therapy as the usual initial first choice.

Cryoglobulinemia-Associated CNS Vasculitis
Overview

Vasculitic involvement in cryoglobulinemia is characterized by the triad of purpura,
weakness, and arthralgia [12]. The presentation can be quite insidious, but aggres-
sive multi-organ involvement can be life threatening. This smaller vessel arteritis is
related to the deposition of cryoglobulins within the vessel wall with activation of
the complement cascade. Type I represents single monoclonal immunoglobulin for-
mation related to B-cell lymphoproliferative disorders, while types II and III are
often referred to mixed cryoglobulinemias. These are reflective of polyclonal IgG
immunoglobulin formation with or without monoclonal IgM associated with rheu-
matoid factor activity [87]. Hepatitis C virus infection is observed to be the most
common cause of mixed cryoglobulinemic vasculitis [88].

There can be associated cerebral infarction, and there is also the potential for the
associated hyperviscosity to promote cerebral ischemia. The treatment consists of
various forms of immunosuppression with the potential for rituximab to be particu-
larly effective [89, 90]. Hyperviscosity in cryoglobulinemia is best managed with
early plasma exchanges.

CNS Vasculitis in Association with Connective Tissue Disorders
Overview

The following disorders fall into this category: systemic lupus erythematosus (SLE),
rheumatoid arthritis (RA), systemic sclerosis (scleroderma), and Sjogren’s syn-
drome. SLE is the best recognized for association with CNS vasculitis although alter-
native mechanisms can be related to coexistent antiphospholipid antibody syndrome,



4 Central Nervous System Vasculitis: Immunopathogenesis, Clinical Aspects 113

resulting in a hypercoagulable state, as well as potential cardio-embolic events from
Libman-Sacks endocarditis. The most common CNS presentation is a multifactorial
encephalopathy which can include cognitive impairment with psychosis, seizures,
headache, and chorea. The autoimmune-mediated pathology tends to be non-throm-
botic in such a presentation but instead is a combination of deposition of immune
complexes and vasculitis. SLE is prominently listed in the differential diagnosis of
stroke in the young [91]. There can be vascular occlusion with ischemic stroke as
well as hemorrhagic insults which can be related to vasculitic mediated aneurysm
formation [92]. Involvement of the CNS is relatively common in SLE, but the exact
frequency of involvement varies considerably among reported studies [54, 93].

Systemic sclerosis is not commonly associated with CNS vasculitis but is recog-
nized for potential PNS effects. Amaral et al. [94] reported on 180 studies of sys-
temic sclerosis and identified the following pattern of potential CNS involvement:
headache in 23.73%, seizures in 13.56%, and cognitive impairment in 8.47% with
anxiety/depression also commonly seen.

Rheumatoid arthritis (RA), like lupus, is now a much more indolent disease with
advances in immunosuppression. Furthermore, the incidence of RA is reported to
be declining [54]. Cerebral infarction can be seen related to vasculitis. Of note, there
is the potential for atlantoaxial subluxation with resultant ischemia or compression
to the brainstem. It is reported that this is a not uncommon cause of death attribut-
able to RA [95].

Sjogren’s syndrome, also known as keratoconjunctivitis sicca, can be associated
with vasculitis of the CNS. It is reported that the vascular insult may be related to
the presence of anti-Ro and antineuronal antibodies [54]. There have been reports of
both ischemic and hemorrhagic strokes with this disorder. However, the risk appears
to be quite small and, as mentioned previously, may be part of an autoimmune over-
lap such as with coexistent ANCA antibodies [74].

Infection-Related CNS Vasculitis
Overview

The classic infectious CNS vasculopathy, from years past, was meningovascular
syphilis. After effective eradication of this former common cause of stroke, there
has been somewhat of a reemergence related to coinfection with human immunode-
ficiency virus (HIV) resulting in less resistance to CNS penetration by the spiro-
chete. It is still fairly standard to obtain syphilis serology for any unexplained stroke,
either ischemic or hemorrhagic, especially in a younger patient. A biologically
false-positive test, such as the VDRL (Venereal Disease Research Laboratory) test
or RPR (rapid plasma reagin) test, could be an indicator of the presence of antiphos-
pholipid antibodies, while a true positive, such as that seen with a positive fluores-
cent treponemal antibody absorption (FTA-ABS) study, would point toward CSF
evaluation for possible meningovascular syphilis. According to recent reports, the
yield of such a pursuit is now greater with coexistent HIV disease.
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Table 4.7 Vasculopathy of the CNS associated with infection

1. Varicella zoster 7. Meningovascular from bacterial, fungal, and tuberculosis
2. HIV infection

3. Neurosyphilis 8. Septic emboli from subacute bacterial endocarditis

4. Hepatitis C 9. Septic aortitis

5. Rickettsial 10. Q fever

6. Viral encephalitis 11. Mycoplasma

7. Ehrlichial vasculitis 12. Toxoplasma vasculitis

HIV can be associated with CNS vasculopathy with resultant infarction. There is
often a heterogeneous pattern to the vascular involvement, related to coexistent dis-
ease, but there is the potential for either a primary granulomatous angiitis, eosino-
philic vasculitis, or a necrotizing vasculitis [97, 98]. The pathogenesis of the
vasculitis may involve overlap with autoimmune antibodies such as antinuclear
antibodies and ANCA antibodies [98].

VZV can be associated with a combined meningoencephalitis and vasculitis
[99]. There can be either small or larger vessel involvement. As mentioned previ-
ously, there is recently reported evidence of the potential for VZV to promote GCA
[42, 43]. Despite the recognition that VZV can affect the CNS in a number of ways
[100], a recent review of this topic [101] concluded that VZV-associated cerebral
infarction is uncommon. When cerebral infarction does occur, the reported cerebral
angiographic findings can include segmental constriction and occlusion often with
post-stenotic vessel dilatation [102]. However, this would be reflective of larger ves-
sel involvement with negative cerebral arteriography not necessarily excluding
small vessel disease. Such VZV-associated infarcts are often treated with a combi-
nation of corticosteroids and acyclovir after support for such a process with a posi-
tive VZV polymerase chain reaction (PCR) result.

Other infection-related vasculitides include endovascular microbial disease
related to bacterial endocarditis and septic aortitis, rickettsial, Q fever, ehrlichial,
mycoplasma, toxoplasmosis, tuberculosis, fungal, parvovirus, cytomegalovirus,
herpes simplex virus, human T-cell lymphotropic virus-1, Epstein-Barr virus, and
West Nile virus [103] outlined in Table 4.7.

Neoplastic-Related CNS Vasculitis
Overview

Vascular invasion with an inflammatory response can be seen in certain neoplastic
disorders. Both Hodgkin’s and non-Hodgkin’s lymphoma have been implicated
along with angioimmunolymphoproliferative disorder [3]. The clinical picture can
mimic PACNS with the potential for both ischemic and hemorrhagic strokes. The
presentation can be quite insidious for intravascular lymphomatosis also known as
neoplastic angioendotheliosis [104]. The presentation can mimic disseminated
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encephalomyelitis and encephalomyelopathy [105]. A clue to the variable presenta-
tions [106] is an unexplained elevation of the serum lactate dehydrogenase level
[104, 107]. Naturally, the treatment is directed toward the neoplastic process, and
outcome is reflective of response to therapy.
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Neurosarcoidosis: Clinical Features,
Pathogenesis, and Management

Ragav Aachi, Marjorie Fowler, Eduardo Gonzalez-Toledo,
Jeanie McGee, and Alireza Minagar

Introduction

Sarcoidosis is an idiopathic, multi-organ, immune-mediated, inflammatory disorder
of unrecognized cure characterized by the development of non-caseating epithelioid
granulomas. As a systemic disorder, it heavily involves the respiratory and lymphatic
systems (particularly intrathoracic lymph nodes) as well as the skin. Nervous system
involvement in the course of sarcoidosis (neurosarcoidosis) is uncommon and occurs
only in 5-10 % of cases. Interestingly, neurologic symptoms can be the only presen-
tation of sarcoidosis in 10—17 % of individuals [1]. Despite these figures, the exact
prevalence of nervous system involvement in the course of sarcoidosis is believed to
be higher since subclinical involvement of the nervous system has been reported in
up to 27 % of patients with sarcoidosis on autopsy [2]. Neurosarcoidosis comprises
a wide gamut of clinical presentations which stem from involvement of both central
and peripheral components of the human nervous system; therefore, it can imitate
many other neuropathologies. Clinically, neurosarcoidosis presents with cranial
nerve(s) involvement (facial nerve palsy is particularly common), aseptic meningitis,
diencephalic syndromes (particularly hypopituitarism), epilepsy, cognitive decline,
myelopathy, and peripheral neuropathy.
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Fig. 5.1 10x4XX: Low-power photomicrograph showing granulomas within the meninges. A
small granuloma is seen in the parenchyma of the brain (H&E, original magnification x 40)

Neuropathologically, sarcoidosis is characterized by the presence of epithelioid,
non-caseating granulomas, including clusters of activated and highly differentiated
macrophages and other epithelioid cells surrounded by T lymphocytes (Figs. 5.1
and 5.2). Langerhans-type multinucleated giant cells are commonly present, and
further examination of the granulomas reveal that the center consists mainly of
CD4* lymphocytes, while the CD8* lymphocytes exist in the periphery (Figs. 5.1,
5.2, and 5.3). Also, tumor necrosis factor-a (TNFa) is implicated in the pathogen-
esis of nervous system inflammation [3].

Epidemiology

Sarcoidosis, more frequently, affects African-Americans as well as individuals of
Scandinavian origin. The estimated incidence of neurosarcoidosis in these ethnic
groups is 15-20 and 35-80 cases per 100,000, correspondingly. However, a review
of a number of retrospective case series reports indicates that 5-10 % of patients
with sarcoidosis suffer from neurological complications and in 50-70 % of these
individuals neurologic abnormalities are the initial clinical presentations. These
neurologic abnormalities commonly develop during the first 2 years of systemic
involvement. Isolated neurosarcoidosis, which means exclusive involvement of the
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Fig.5.2 0x10XX: Medium-power photomicrograph showing meningeal granulomas containing
a few giant cells and a surrounding lymphocytic infiltrate (H&E, original magnification x 100)

nervous system without systemic involvement, is uncommon and its prevalence dif-
fers among various studies between 1-3 % and 10-17 % [4, 5]. Usually, sarcoidosis
peaks in the third to fifth decades for most individuals, and neurologic symptoms
commonly manifest during the first 2 years of disease. Women often have been
reported to have a later age of onset and are more frequently affected compared to
men. Various genetic, infectious, and environmental causes have been associated
with sarcoidosis but without any proven cause and effect relationship.

Clinical Manifestations

Sarcoidosis is a great masquerader of other systemic diseases (particularly tubercu-
losis) and in a large number of patients with neurosarcoidosis presents with non-
neurologic issues. Neurologists should always be aware of certain clues such as
pulmonary involvement, eye disease (especially uveitis), dermatologic manifesta-
tions such as erythema nodosum, lymphadenopathy, joint pain, and other systemic
symptoms (such as unexplained fever), which can eventually guide them to a correct
diagnosis.

As a complicated multisystemic disease, sarcoidosis affects various parts of
human nervous system and such widespread process leads to a wide range of
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Fig.5.3 x10: Medium-power photomicrograph showing a parenchymal granuloma with central
epithelioid cells and surrounding lymphocytic infiltrate (H&E, original magnification x 100)

neurological manifestations. Cranial nerve palsy and neuropathy, either due to gran-
uloma, elevated intracranial pressure, or granulomatous basal meningitis, is the
most common neurological presentation of neurosarcoidosis. Among the cranial
nerves, the facial and the optic nerves are the most commonly affected. Bilateral
facial nerve palsy due to neurosarcoidosis may occur, or the seventh cranial nerve
may be affected sequentially.

While patients with neurosarcoidosis may present with rapidly progressing pap-
illedema, other cranial nerves including olfactory, optic, oculomotor, vestibuloco-
chlear, and uncommonly trigeminal, may be affected either alone or in combination.
The pathologic process of the sarcoidosis can affect the cranial nerve nucleus or at
any point within their anatomic pathway. Patients with Heerfordt’s syndrome pres-
ent with cranial neuropathy (most commonly facial nerve palsy), uveitis, fever, and
enlargement of parotid gland. Such a unique combination is highly suggestive of
neurosarcoidosis. Also, Horner’s syndrome which develops from the disruption of
cervical sympathetic fibers could be a manifestation of neurosarcoidosis. Pupillary
abnormalities including Argyll-Robertson pupil and Adie’s pupil have also been
described in sarcoidosis.

Leptomeningeal involvement due to widespread meningeal infiltration of brain
occurs in the presence or absence of parenchymal brain lesions and clinically may
be symptomatic or may manifest as subacute or chronic aseptic meningitis, basilar
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polycranial neuropathy, and neuroendocrine abnormalities. Clinicians who manage
these patients should bear in mind that headache and seizures may stem from men-
ingitis, hydrocephalus, space-occupying lesions, or opportunistic infections (par-
ticularly in immunocompromised patients). Headache in these patients less often
originates from trigeminal neuropathy or worsening of coexisting migraines [6]. In
patients with neurosarcoidosis, seizures may be the initial presentation of the under-
lying disease process, and they may experience any type of seizures. Manifestation
of the seizure in these patients may designate chronicity and an unfavorable progno-
sis [7].

Rarely, neurosarcoidosis may result in stroke due to penetration of the endothe-
lial layers of small or large blood vessels, with disruption of the media and internal
elastic lamina, resulting in obstruction of the vessel and ischemic cerebral infarct
[8]. Other possible stroke pathology suggested includes sarcoidosis-associated mass
lesion compression of an intracranial artery, necrotizing arteritis with fibrinoid
necrosis of the media and massive leukocyte invasion [9], and cardiac granuloma-
tous inflammation resulting in cardiogenic emboli. Cerebral and dural venous sinus
thrombosis is also a potential, however, rare complication of this inflammatory pro-
cess [5, 10].

With more diffuse leptomeningeal disease, headache may be accompanied by
gait dysfunction, cognitive changes, and/or seizures, suggesting involvement of the
brain parenchyma. Patients presenting acutely with this complex of symptoms
should be evaluated urgently for hydrocephalus, which can often complicate severe
cases of leptomeningeal inflammation and is considered a neurologic emergency.
Hydrocephalus is another interesting clinical feature of neurosarcoidosis, which
may be due to meningeal infiltration of the arachnoid granulations or cerebral aque-
duct. Patients with neurosarcoidosis may develop cauda equina syndrome due to
meningeal infiltration of the lumbosacral nerve roots.

Myelopathy in the context of neurosarcoidosis occurs as a result of spinal lep-
tomeningeal infiltration, extensive myelitis, or both. Cases of neurosarcoidosis
with longitudinally extensive myelitis which span an average of 3.9 segments (a
significant differentiating feature from multiple sclerosis with smaller and patch
cord lesions) have been reported. The most significant differential diagnoses of
neurosarcoidosis patients with such extensive myelitis include multiple sclerosis,
neuromyelitis optica, lupus myelitis, Sjogren’s syndrome, and infectious
diseases.

Neuroendocrine abnormalities of neurosarcoidosis, which stem from hypotha-
lamic and pituitary involvement by the subependymal granulomatous invasion of
the third ventricle region, includes hypothalamic hypothyroidism, hypogonadotro-
pism, SIADH, diabetes insipidus, growth hormone deficiency, and hyperprolac-
tinemia [11].

Neurosarcoidosis may be associated with various nonspecific neuropsychiatric
symptoms such as memory loss, fatigue, mood disturbances, and other behavioral
issues, without evidence of a CNS lesion. These are attributed primarily to underly-
ing systemic disease, medication side effects, depression, and sleep disorders such
as sleep apnea syndrome and primary hypersomnia.
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Peripheral nervous system involvement in the process of neurosarcoidosis
includes asymmetric polyradiculoneuropathy, mononeuritis multiplex, small fiber
sensory neuropathy with autonomic dysfunction, AIDP, CIDP, and subacute length-
dependent axonal polyneuropathy. Mononeuropathy is another manifestation of
neurosarcoidosis and the ulnar and peroneal nerves are the most frequently affected.
Autonomic dysfunction symptoms include orthostatic hypotension, gastrointestinal
dysmotility, and disorders of sweating. Small fiber neuropathy of neurosarcoidosis
can involve autonomic nerve fibers and cause cardiac sympathetic denervation with
cardiac arrhythmias and may cause restless leg syndrome [12]. Patients with neuro-
sarcoidosis may develop myopathy with granulomatous muscle involvement, and
this may be clinically symptomatic or remain asymptomatic. In symptomatic cases,
patients complain of myalgia, weakness, and muscle tenderness and suffer from
cramps and muscle atrophy. Acute myositis in the context of neurosarcoidosis is
uncommon and the myopathy more often takes a chronic course.

Sleep Disorders in Neurosarcoidosis Patients

The exact incidence of sleep disorders in patients with neurosarcoidosis remains
unrecognized, and the only diagnostic polysomnographic studies in these patients
include cases of narcolepsy with cataplexy [13—15]. Recently, May et al. had reported
the HLA DQB1*0602-negative case of hypocretin deficiency and respiratory dys-
function (hypoventilation and hypercapnia) from extensive destruction of hypocretin
neurons and key diencephalic structures secondary to the underlying sarcoidosis
[13-15]. In another HLA DR2/DQ1-positive case of neurosarcoidosis, patients pre-
sented with hypothalamic lesion, excessive daytime sleepiness, sleep attacks, and
cataplexy, and multiple sleep latency tests (MSLT) were characteristic of narcolepsy
[14]. Anecdotally, low-dose, whole-brain irradiation, but not high dose of corticoste-
roids, led to complete resolution of the narcoleptic features in patients with struc-
tural neurosarcoidosis lesion in the hypothalamus [15]. Even though sleep-disordered
breathing (SDB) is very prevalent in sarcoidosis patients ranging from 17 to 67 %
[16-18], overall prevalence of SDB and obstructive sleep apnea in neurosarcoidosis
population is unknown. Epidemiologic distribution of other primary and secondary
sleep disorders in neurosarcoidosis remains largely unknown.

Neuropathology

On growth appearance, neurosarcoidosis most frequently involves the meninges at
the base of the brain, particularly in the area of the infundibulum and optic chiasm,
although it may involve other meningeal areas including the brain stem, convexities,
cerebellum, and spinal cord. It may involve both cranial and spinal nerves where
they traverse the meningeal space. The involved meninges are thickened, gray yel-
low, and frequently gelatinous (Fig. 5.1). Long-standing sarcoidosis results in pro-
gressively more fibrosis resulting in a tough fibrous-thickened membrane.
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Occasional cases also exhibit involvement of the choroid plexus and/or ependymal
lining of the ventricular system. Dural involvement is unusual but would have simi-
lar gross features.

Although less common, the granulomas of sarcoidosis may be seen within the
parenchyma of the brain where they are usually small, discrete, gray, firm nodular
lesions that may be solitary or multifocal. The infundibulum and hypothalamus are
the favored parenchymal areas of involvement followed by the brain stem.

Microscopic Appearance

The granulomas are composed of numerous central epithelioid macrophages with
abundant eosinophilic cytoplasm and vesicular nuclei. Multinucleated giant cells rep-
resenting a fusion of these macrophages may be seen, but are not always present (Figs.
5.2 and 5.3). Although not common, giant cells may contain asteroid bodies or calci-
fied nodular Schaumann bodies. The central cluster of epithelioid macrophages is
surrounded by a cuff of benign lymphocytes and plasma cells. Necrosis is uncommon
but rarely may be seen. Although blood vessels may be seen within rare granulomas,
this is not common. With age progressively more fibrosis is seen in the meninges.

The tissue surrounding parenchymal granulomas contains gemistocytic astro-
cytes and may exhibit edema or loss of neuropil. Small perivascular cuffs of benign
lymphocytes are frequently seen in the tissue surrounding the parenchymal granu-
lomas. Microglial nodules are usually absent. Special stains for mycobacteria,
fungi, and amyloid are negative.

Differential Diagnosis

The histologic differential diagnosis includes fungal and mycobacterial infections.
These can usually be excluded using special stains. Special stains are also useful in
excluding amyloid angiopathy with a granulomatous response. The presence of
granulomas within the parenchyma and the rarity of blood vessels within the granu-
lomas help distinguish sarcoidosis from primary angiitis of the CNS. As in all cases,
the clinical history and presence of disease elsewhere are essential for making the
correct diagnosis. Clinically, the most significant differential diagnoses of neurosar-
coidosis include multiple sclerosis, CNS tuberculosis, neuromyelitis optica, trans-
verse myelitis, HIV infection, and neuro-Behcet’s disease.

Diagnosis

Neuroimaging plays a crucial role in diagnosing of neurosarcoidosis, and all suspected
patients should undergo magnetic resonance imaging of the brain and spinal cord with
and without gadolinium contrast. Interestingly, many of neuroimaging abnormalities
of neurosarcoidosis mimic other inflammatory, neoplastic, demyelinating, and
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Fig. 5.4 Extra-axial masses in sarcoidosis. (a, b) Axial T2- and enhanced axial T1-weighted
images demonstrate an enhancing T2-hypointense extra-axial mass in the left cerebellopontine
angle cistern (arrow). (¢, d) Coronal T2 and enhanced coronal T1 images from a different patient
show a T2-hypointense enhancing right tentorial mass (arrow). Noncontrast CT (not shown) did
not demonstrate any calcification. Biopsy (not shown) revealed granulomatous inflammation
(From Shah et al. [19]. Copyright permission obtained from American Society of Neuroradiology)

infectious neurological diseases. Also, the disease may manifest as meningeal involve-
ment either as a focal thickening concerning for meningioma or diffuse pachymenin-
geal involvement as seen in intracranial hypotension or leptomeningeal disease.
Hydrocephalus, either communicating or noncommunicating, may develop as a result
of severe meningeal inflammation. Various neuroimaging abnormalities of the neuro-
sarcoidosis are presented in Figs. 5.4, 5.5, 5.6, 5.7, 5.8, and 5.9 [19].
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Fig. 5.5 Leptomeningeal involvement in sarcoidosis. (a, b) Enhanced axial and coronal
T1-weighted images demonstrate nodular leptomeningeal enhancement in the basilar cisterns and
posterior fossa. (¢, d) Enhanced axial T1-weighted images in a different patient demonstrate nodu-
lar leptomeningeal enhancement along the cerebellar folia (arrows). Involvement of perivascular
spaces is seen at a higher level in d (arrow) (From Shah et al. [19]. Copyright permission obtained
from American Society of Neuroradiology)

The classification by Zajicek and colleagues [20] is by far the most acceptable
and utilized diagnostic criteria for neurosarcoidosis (Table 5.1). As per them the
disease process can be categorized as definite (direct neural tissue confirmation),
probable (neurologic inflammation along with evidence of systemic sarcoidosis),
and possible (typical clinical presentation but no other criteria met except for the
exclusion of other potential etiologies).

In almost half of patients with neurosarcoidosis, intramedullary spinal cord
lesions are present with involvement of >3 segments with a patchy and noncontigu-
ous dissemination which may or may not enhance and is usually accompanied by
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Fig.5.6 Cranial nerve enhancement in sarcoidosis. (a, b) Axial fat-suppressed T1 images show
enhancement of the left optic nerve (thin arrow). Lacrimal and parotid glands are enlarged (thick
arrows in a and b, respectively). (c) Bilateral trigeminal nerve enhancement is seen in a different
patient (arrows). (d) Enhancement of bilateral seventh to eighth nerve complexes is seen in another
patient (arrows) (From Shah et al. [19]. Copyright permission obtained from American Society of
Neuroradiology)

meningeal enhancement. In acute phase the affected spinal cord appears swollen
and expanded, while chronic cases manifest with spinal cord atrophy. However,
acute lesions may at times be nonenhancing as well.

Examination and analysis of cerebrospinal fluid (CSF) also assists clinicians to
establish the correct diagnosis and exclude other differential diagnoses. The authors
of this chapter routinely perform spinal tap on all patients suspected of having neu-
rosarcoidosis. CSF examination of these patients reveals inflammatory features
such as increased protein concentration (>200 mg/dL) and elevated white blood
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Fig.5.7 Parenchymal lesion in sarcoidosis. (a, b) Enhanced axial T1- and T2-weighted images at
presentation demonstrate an enhancing T2-hypointense left frontal mass (arrow). There is sur-
rounding nonenhancing T2-hyperintensity due to vasogenic edema. Also note thin dural enhance-
ment overlying both frontal lobes. (¢) Noncontrast CT scan obtained 1 year later shows worsening
lesion size and edema (arrow). The patient had been on low-dose prednisone and was symptomati-
cally stable. (d) MR image obtained following high-dose prednisone therapy shows a decrease in
edema but only partial resolution of the enhancing left frontal mass (arrow). There was no further
decrease in size of the mass on serial scans during the next 2 years with the patient on immunosup-
pressive therapy (From Shah et al. [19]. Copyright permission obtained from American Society of
Neuroradiology)

cell count (mononuclear pleocytosis) [>50 cells pL] and the presence of oligoclonal
bands along with elevated IgG indices. In some cases CSF glucose level is low. A
normal CSF panel (which may be present in one-third of patients even in the pres-
ence of contrast-enhancing MR lesions or biopsy-proven neurosarcoidosis or in
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Fig. 5.8 Spinal cord involvement in sarcoidosis. (a—¢) Enhanced parasagittal and axial
T1-weighted images of the cervical cord show multiple enhancing parenchymal nodules (arrows).
The peripheral distribution of these nodules, which are abutting the surface of the cord, suggests a
leptomeningeal origin of these nodules. Note enhancement extending along the nerve roots (open
arrow, ¢) (From Shah et al. [19]. Copyright permission obtained from American Society of
Neuroradiology)

patients with isolated facial palsy) does not exclude such diagnosis. In all patients,
the CSF examination should include search for malignant cells utilizing flow
cytometry, serology for various infections, bacterial cultures, PCR assays for viral
agents, and serologic studies for a number of infections. Angiotensin-converting
enzyme (ACE), which is produced by granulomas, is increased in 24-55 % of
patients, and while it is a nonsensitive marker of neurosarcoidosis, it is highly
specific [19, 21].

Electromyography and nerve conduction studies enable clinicians to diagnose
patients with neuromuscular diseases such as neuropathy, mononeuritis multiplex,
and myopathy. This test also helps the neurophysiologist to determine whether the
disease process is demyelinating versus axonal, how severe and widespread the neu-
ropathic process is, and whether it is acute or chronic. Routine nerve conduction
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Fig.5.9 Sellar-suprasellar involvement in sarcoidosis. (a) Enhanced coronal T1-weighted image
shows an enlarged and enhancing pituitary infundibulum (arrow). This patient also had multiple
enhancing parenchymal nodules in a perivascular distribution. (b) Enhanced coronal T1-weighted
image from a different patient shows a homogeneously enhancing infundibular and hypothalamic
mass (arrow) (From Shah et al. [19]. Copyright permission obtained from American Society of
Neuroradiology)

Table 5.1 Proposed diagnostic criteria for neurosarcoidosis

Definite Clinical presentation suggestive of neurosarcoidosis with exclusion of other
possible diagnoses and the presence of positive nervous system histology

Probable Clinical syndrome suggestive histology of neurosarcoidosis with laboratory
support for CNS inflammation (elevated levels of CAF protein and/or cells, the
presence of oligoclonal bands, and/or MRI evidence compatible with
neurosarcoidosis) and exclusion of alternative diagnoses together with evidence of
systemic sarcoidosis (either through positive histology, including Kveim test, and/
or at least two indirect indicators from gallium scan, chest imaging and serum
ACE)

Possible Clinical presentation suggestive of neurosarcoidosis with exclusion of alternative
diagnoses where the above criteria are not met

From Zajicek et al. [20] Copyright permission obtained

study with main concentration on large nerve fiber may miss a diagnosis of small
fiber neuropathy. In cases where a systematic diagnosis approach fails to establish a
diagnosis, the neurologist should consider muscle and nerve biopsy. In such cases
the presence of epineural and perineural granulomas and granulomatous vasculitis
may indicate a diagnosis of neurosarcoidosis. Accurate diagnosis of small fiber neu-
ropathy is necessary since it causes disabling problems such as cardiac sympathetic
denervation, periodic limb movement disorder, and restless leg syndrome. Evaluation
of intraepidermal nerve fiber density along with other examinations such as quanti-
tative sudomotor axon reflex testing and tilt table test are currently being utilized to
accurately diagnose small fiber neuropathy [22].
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Conjunctival, as well as tongue, biopsy is an informative, technically simple, and
relatively safe procedure, which can demonstrate the presence of non-caseating
granulomas in support of sarcoidosis. Real-time endobronchial ultrasound-guided
transbronchial needle aspiration is utilized to examine the mediastinal and hilar
lymphadenopathy in patients suspected of sarcoidosis.

In cases when the initial screening tests failed to provide adequate evidence in
support of sarcoidosis, a pan-body fluorodeoxyglucose positron emission tomogra-
phy (FDG-PET) scan should be considered. Studies have shown that FDG-PET is
more sensitive than “’gallium nuclear scan in detecting systemic sarcoidosis. In
addition, FDG-PET helps visualize neurologic disease activity otherwise not evi-
dent on the MRI and when combined with CT (PET/CT) assists neurologist to
assess disease activity and response to therapy [23]. “’Gallium nuclear scan is used
in clinical practice since it potentially can reveal elevated uptake at the sites of
active inflammation (hot spots), which are appropriate for biopsy.

In patients with exclusive CNS sarcoidosis, a tissue biopsy of the region of inter-
est is the most definitive diagnostic test. Biopsy also helps in ruling out alternative
diagnoses in patients who do not respond well to immunosuppressive therapy or
with worsening disease.

Treatment

There is no known cure for sarcoidosis and its treatment rests on immunosuppression
as well as symptomatic treatment. Neurosarcoidosis is a devastating condition and car-
ries a significant mortality and morbidity rate. In addition, there are not any random-
ized, controlled, and well-executed clinical trials to establish the superiority of one
treatment over the other options. Therefore, most of the available treatment approaches
are based on small case series and anecdotal case reports. In general, patients with
neurosarcoidosis require aggressive treatment. Left untreated, neurosarcoidosis with
brain and spinal cord involvement is potentially fatal, and rapid immunosuppression
with corticosteroids is necessary to block such path. The most significant concept in
treatment of neurosarcoidosis is profound immunosuppression. Presently, corticoste-
roids remain the foundation of its treatment. Patients with mild to moderate neurosar-
coidosis can be treated with oral prednisone with doses in the range of 40-80 mg daily,
and since this is a chronic ailment, patients need long-term treatment.

In many cases the dose of corticosteroid should be tapered slowly and systemati-
cally, over a course of 6-12 months. The authors treat neurosarcoidosis patients
with pulse intravenous infusion of methylprednisolone (Solu-Medrol) 1000 mg
daily for 5 days followed by oral maintenance dose of prednisone of 40-80 mg daily
for at least 1 year. This pulse therapy should be followed by the use of oral predni-
sone. The treatment of neurosarcoidosis patients is also an individualized process
and dosing and duration of therapy with corticosteroids vary across the patients.
Corticosteroids work by suppressing lymphocyte and mononuclear phagocytic
activity, suppression of transcription of pro-inflammatory cytokines, downregula-
tion of cellular receptors, and repairing the disrupted blood-brain barrier.
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In severe cases with severe myelitis or brain parenchymal involvement, or in
unresponsive patients, combined therapy with a second immunosuppressant should
be planned. Once clinical response and improvement are observed, the clinician
should think about slow tapering of the corticosteroids. Treatment of neurosarcoid-
osis with corticosteroids is associated with a number of complications such as iatro-
genic hyperglycemia, hypertension, hypokalemia, significant weight gain,
myopathy, premature cataract and glaucoma, and uncommonly aseptic necrosis of
femur head.

Certain immune-suppressant cytotoxic agents such as methotrexate (a folate ana-
logue), azathioprine (a purine analogue), mycophenolate mofetil, cyclosporine, and
cyclophosphamide have been utilized to treat patients with inadequate therapeutic
response to corticosteroids or those with features of poor prognosis and elevated
chance of disease recurrence. Each one of these agents does possess its own hema-
tologic, hepatotoxic, gastrointestinal, or urologic complications and close monitor-
ing of these patients is necessary. In addition, chronic treatment with these agents
may cause uncommon malignancies. Some cases of neurosarcoidosis have been
treated with anti-malarial drugs such as hydroxychloroquine. However, this medica-
tion does have toxic effects on the retina, liver, and skin.

Few case reports exist on CNS radiation for treatment of patients with neurosar-
coidosis with widespread encephalopathy and vasculopathy. These patients have
been treated with either total nodal or craniospinal irradiation. CNS radiation should
be considered only for very severe cases since it does have its own adverse compli-
cations and is not curative.

In neurosarcoidosis patients with large parenchymal lesions, which cause hydro-
cephalus or increase the intracranial pressure, urgent neurosurgical debulking and
cerebrospinal fluid diversion procedures such as ventriculo-peritoneal shunt implant
should be considered.

Tumor necrosis factor-a (TNF-a) antagonists, such as monoclonal antibody
known as infliximab, have been utilized for treating refractory cases of neurosar-
coidosis. TNF-a, a potent pro-inflammatory cytokine, is released by macrophages
and other immune cells during formation of granuloma. By binding to TNF-«, inf-
liximab blocks its interaction with the TNF-a receptor. It is used as monotherapy or
combined with corticosteroids and is effective for patients with severe leptomenin-
geal, brain, and spinal cord involvement. Other monoclonal antibodies such as
adalimumab and rituximab have been utilized to treat neurosarcoidosis. Significant
adverse effects of this group of new therapies include lymphoma, progressive mul-
tifocal leukoencephalopathy, and recrudescence of tuberculosis. Another interesting
and more recent experimental monoclonal antibody, adalimumab, which also serves
as an antagonist against TNF-a, has been utilized for treatment of patients with
corticosteroid-resistant patients.

In patients with small fiber neuropathy and autonomic dysfunction that are
refractory to corticosteroids, IV immunoglobulin and TNF-a antagonists have
shown their potential in alleviating the symptoms to a significant extent.

Treatment of complications of neurosarcoidosis is also an interesting subject
which requires more discussion. Patients with hydrocephalus and raised intracranial
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pressure need ventriculostomy with drainage and possibly shunt placement. Patients
with epilepsy due to neurosarcoidosis should be treated with antiepileptics.
Treatment of those with involvement of hypothalamic-pituitary axis with neurosar-
coidosis requires consultation from endocrinologist, correction of water and elec-
trolyte deficits, and hormone replacement treatment. Patients with peripheral
neuropathy due to neurosarcoidosis should be treated with various agents such as
antidepressants, antiepileptics, opioid or opioid agonists, and intravenous immuno-
globulin. Those with ischemic stroke due to neurosarcoidosis should be treated with
antiplatelets or anticoagulants. Depression and cognitive decline require psychiatric
consult, treatment with antidepressants, and cognitive rehabilitation. Similar to
other neurological diseases, once a diagnosis of neurosarcoidosis is established, the
rehabilitation process with heavy emphasis on physical and occupational therapy
begins to ascertain that patients will become independent as much as possible.
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Cell-Derived Microparticles/Exosomes
in Neuroinflammation

Lawrence L. Horstman, Wenche Jy, and Yeon S. Ahn

Abbreviations of Diseases Are as Usual in Neurology

ALS  Amyotrophic lateral sclerosis
MS  Multiple sclerosis

PD Parkinson’s disease

TBI  Traumatic brain injury

Fundamentals and Terminology

Introduction

After long controversy, it is now recognized that essentially all neurodegenerative
diseases have inflammatory components [1]. Many other neurological disorders are
exacerbated by inflammation, including the progressive impairment following
stroke or traumatic brain injury (TBI). It has been known that levels of circulating
cell-derived microparticles (MP) are generally increased in inflammatory states,
making them useful as biomarkers. More recently, certain species of MP or exo-
somes have been implicated as causative agents in neuroinflammation, to be
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Terminologies

In the peripheral circulation, MP are derived chiefly from platelets (PMP), red cells
(RMP), endothelial cells (EMP), and leukocytes (LMP). Each can occur in multiple
phenotypes, identified in flow cytometry by lineage-specific fluorescent monoclonal
antibodies (mAb). They range in size from about 0.2-1.5 um diameter and carry
protein markers of the parent cell. Proteomic studies and other evidence indicate
that they derive from detergent-resistant regions of the cell membrane, known as
lipid rafts.

Although “MP” is convenient and widely used, alternatives such as extracellular
vesicles (ECV) or microvesicles (MV) are gaining currency, having the advantage of
excluding nonbiological particles in literature searches. We use “MP” in this review
because of long tradition in the field of blood coagulation and continuing use in
neuroinflammation. The term, exosomes, came into use ca. 2000 [2, 3] to denote a
class of very small (50-120 nm) MP, said to derive from endosomes rather than the
plasma membrane. Until very recently, it was unclear if they were qualitatively
distinct from MP. This question is important to this review because many recent
advances in neuroinflammation concern exosomes, as reviewed [4].

Exosomes: Distinctly Different?

Initial doubts arose from markers said to be unique to exosomes but which are also
found on MP in the larger size range. For example, the “canonical exosome pro-
teins” are said to include CD63 and flotillin [5], but CD63 is also a marker of plate-
let MP (PMP), and flotillin is a marker of lipid rafts of the plasma membrane,
including red blood cells (RBC) [6]. Similarly, lysosomal protein LAMP-1
(CD107a) is often listed as exosomes-specific but is also a marker of PMP [7]. In
addition, if exosomes originate from multivesicular endosomes, one wonders how
to explain their lipid raft proteins or the fact that 60 nm “nanovesicles” were
described long ago from RBC, which lack endosomes [8], and more recently [9].

Only in the last few years have these uncertainties been acknowledged and
addressed. Xu et al. compared proteomic profiles between exosomes and MP (aka
ECV) from a cancer cell line and observe that a majority of about 180 proteins listed
were absent from one but not the other particle type [10], showing qualitative differ-
ence. With respect to functional differences, it was shown that exosomes from RBC,
but not the larger MP fraction, induced a T-cell response [9]. Kanada et al. demon-
strate qualitative differences between exosomes vs. the larger vesicles in their
respective ability to transport and deliver functional RNA or DNA to target cells,
finding exosomes but not MP deliver RNA whereas MP but not exosomes deliver
DNA [11].

These and other reports confirm a qualitative distinction. Some authors speak of
ectosomes as opposed to exosomes, to indicate shedding from the plasma mem-
brane, e.g., [12, 13]. However, this distinction is not easily made, partly because
exosomes fuse with plasma membrane (lipid rafts) before release, explaining how
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they acquire markers of the plasma membrane, e.g., [14]. Some authors avoid the
term, exosomes, using the more inclusive “extracellular vesicles” [11]. In practice,
distinguishing exosomes is not simple, as shown by many papers on various isola-
tion methods, [15-17], among others.

Functions, Old and New

Early interest in MP stemmed from their procoagulant activity (PCA), which
remains relevant to this review for reasons noted below. Their PCA was attributed
to the reversal of normal membrane asymmetry, meaning that normally in-facing
and anionic phospholipids (PL) such as phosphatidylserine (PS) flip to the plasma
side. These PL exhibit PCA by serving as sites for the assembly of the vitamin
K-dependent clotting factors into active complexes, promoting coagulation via tis-
sue factor (TF) pathway.

Recent work, however, calls for revision of this paradigm. It has been shown that
MP exert PCA primarily by amplifying the contact pathway, not the TF pathway
[18, 19], confirmed in our laboratory. The contact pathway is closely tied to the
complement and kinin systems, suggesting involvement in previously unexpected
pathways of inflammation.

The second major function to be recognized was a role in inflammation. There
are two aspects to this role, the first being as biomarkers. It is generally observed
that circulating MP of several lineages increases in response to inflammation
induced experimentally by administration of lipopolysaccharide (LPS), zymosan,
or overt infection. For example, we examined a variety of MP phenotypes in sepsis,
especially endothelial MP (EMP) subtypes, and determined that a strong inflamma-
tory response favored survival, concluding that inflammation was not associated
with mortality [20]. In addition, MP can function to transport agents which can
induce or modulate inflammation, e.g., cytokines and bioactive lipids. This topic,
cell-cell signaling, was reviewed as of 2007 [21] and is updated in the following
sections.

The third major function of MP has come to light only in the last decade, being
the transport of functional RNA, DNA, and other functional transcripts, to be
reviewed. Some key references in this area were cited in section “Exosomes:
Distinctly Different?”.

Formation and Fate

The biochemical details of these topics remain poorly understood. It is well known
that a rise in cytoplasmic calcium will trigger release of MP, therefore, the use of
calcium ionophores such as A23187 are often used to induce vesiculation ex vivo.
With regard to mechanisms of clearance of MP, this topic has become very complex
in recent years and will be reviewed separately in another forum. However, limited
studies of several MP lineages find that all have short half-life in circulation,
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<10 min, e.g., [15]. Progress in understanding biochemical mechanisms has been
made [22-24]. A major advance has been the identification of the mechanism of
membrane “flip-flop” causing reversal of membrane asymmetry, related to MP
shedding [25, 26]. This was previously attributed to presumed enzymes called flip-
pase, floppase, or PL translocase, now known to be an ion channel.

MP in Neuroinflammation: Findings from the Authors’ Group
Introduction

This article explains how the authors became involved in studies of neuroinflamma-
tory conditions. Although some of the references are now old, the findings of sec-
tion “MP in Vascular Dementia” are not widely appreciated and may be important
to future work.

MP in Vascular Dementia

It was observed by Y.S. Ahn that patients with immune thrombocytopenia (ITP)
were protected against bleeding symptoms by high levels of circulating platelet MP
[27], later extended to include red cell-derived MP (RMP). Furthermore, he observed
that a number of patients with long-term chronic elevation of PMP exhibited slowly
progressing cognitive decline, which in some cases progressed to dementia. Imaging
with MRI showed periventricular and subcortical white matter hyperintensities con-
sistent with ischemic small-vessel disease. We suggested that antiplatelet antibodies
activate platelets to enhance shedding of procoagulant PMP, promoting thrombotic
occlusions of small vessels. In a follow-up study, it was observed that cognitive
impairment progressed more rapidly in splenectomized patients [28]. This further
supports a causative link of PMP with cognitive impairment since splenectomy
retards clearance of PMP [29]. Of note, patients with cognitive impairment had
significantly higher platelet-associated IgM (but not IgG) compared to patient con-
trols (p < 0.02) [28].

A related study found that the association between PMP and cognitive decline
was not limited to ITP patients [30]. Alzheimer’s disease (AD) was ruled out.
Recent work from other laboratories tends to confirm the main findings mentioned
above [31]. Recent proteomic study of MP in patients with lacunar infarcts suggests
MP assay as a diagnostic aid and for insight into the disease process [32].

Also of related interest was a study of the electrophoretic mobility of patient
platelets in which it was observed that the patients with cognitive impairments had
the highest mobility [33]. It was not possible at that time to measure zeta potentials
of the MP but it is expected that MP will have electric charge related to that of the
parent cell. This leads us to conjecture that high negative charge on MP could pre-
dispose to vascular dementia. Others have shown that electric charge can be crucial
to the functional properties of MP [34]. These observations may bear on
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postoperative cognitive impairment, since surgical procedures entail extensive
disruption of endothelia and activation of platelets and other cells, inducing release
of MP [35, 36].

Early Findings on MP in Multiple Sclerosis (MS)

The first clear evidence of an association between MP in circulation and MS disease
activity was found by A. Minagar et al. [37]. They found that endothelial MP (EMP)
bearing CD31 (PECAM-1) were elevated significantly during exacerbations of
RR-MS compared to remissions. In follow-up studies, they observed that MS
plasma, but not control plasma, induced formation of EMP-monocyte complexes
[38] and that these complexes are a good biomarkers of disease activity in MS [39,
40]. The same group subsequently showed that treatment with interferon 1beta
induced reduction of MS-associated EMP in patients [41].

Since autoimmunity may contribute to the etiology of MS, it is of interest that
MP-associated autoantigens can form immune complexes with inflammatory poten-
tial [42]. Antiphospholipid antibodies (APLA) were reported in MS, leading to a
more systematic study of APLA in a series of MS patients, with the unexpected
finding that APLA in MS were exclusively IgM class [43].

Evidence of platelet activation in MS was also reported by that group [44]. Since
platelet activation is always accompanied by release of PMP, it is likely that the
“missing PMP” are being consumed or sequestered in MS or bind to leukocytes.
This may apply to Alzheimer’s disease (AD) as well since platelet activation was
observed in AD but not elevation of free PMP [45].

MP-Associated Bioactive Agents in Neuroinflammation
Micro-RNA (miRNA)

A giant step in neuroscience, cancer research, and other fields was the discovery that
MP can transport active RNA oligomers from cell to cell, both naturally and by
therapeutic design. Among these are small interfering RNA (siRNA) which can
silence or modulate the expression of specific genes.

For example, it was demonstrated that expression of MiR-155 in microglial cells
regulated replication of the Japanese encephalitis virus and modulated aspects of
innate immunity such as complement [46]. Nucleotides bound to MP/exosomes are
protected against degradation by plasma enzymes. Cell-to-cell transfer of miRNA
via MP has been shown to exert major modulation of neuroinflammatory responses,
as in brain infection [47].

The several phenotypes of MP/exosome that arise from a single lineage, such
as monocytes, exhibit varying RNA content and transcripts: MP-bearing tran-
scripts of pro-inflammatory cytokines (such as TNF, IL-6, IL-8) when incubated
with human brain endothelial cells (EC) led to the uptake of the MP and,
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unexpectedly, promoted tightness of EC monolayer junctions in tissue culture,
measured by impedance and directly by permeability [48]. Frohlich et al.
observed a variety of effects of MP transferred from stimulated oligodendrocytes
to neurons [49].

Pusic and Kraig, after commenting on myelination in MS, report isolating exo-
somes from old vs. young animals with enriched environment and found that the
latter but not the former promoted myelination when administered intranasally; this
effect was attributed to MiR-219 [50]. In a similar vein, oxidized LDL particles
were observed to “epigenetically reprogram” monocytes [51].

As earlier noted, MP can also transport DNA fragments, e.g., [11]. Patients with
MS on natalizumab therapy are prone to polyomavirus; the MP/exosomes from
plasma or urine, and from mononuclear cells, all contained transcripts of the virus
in infected subjects [52]. It is beyond the scope of this review to consider the role of
MP in viral infections but a large literature on this subject exists. Very recently, the
first known instance of DNA interference in an animal was reported [52b], leading
us to expect more on this in the future.

Cytokines

It is usually assumed that cytokines/chemokines are released as soluble agents.
However, as we have pointed out in earlier reviews, at least some are known to be
MP associated and many others probably are, because cell-free plasma and serum
contain MP unless centrifuged at 100,000 xg. More recent direct evidence support-
ing this vie is the report by Konadu et al. of at least 21 cytokines found associated
with MP/exosomes in plasma of HIV-positive subjects [53]. Mullen et al. have
shown that several important inflammatory mediators, including IL-1beta and
HMGBI, are actually released on exosomes via a novel pathway [54]. Indeed,
MP-associated secretion of IL-1beta was shown in 2001 [55].

Matrix Metaloproteinases (MMPs)

The importance of MMPs in neuroinflammation is widely appreciated in many spe-
cific conditions, such as ischemic stroke [56]. Most frequently implicated are
MMP-2 and MMP-9 [57, 58]. They are released from many cell types, including
from astrocytes [59] and from stem cells [60] and are transported on MP.

For example, McColl et al. studied the effect of prior inflammatory state (induced
by IL-1Ibeta) on postischemic brain injury in mice and observed that neutrophil-
derived MMP-9 was a major culprit in the exacerbation of injury by the inflamma-
tory state, since inhibition of MMP-9 ameliorated the damage [61]. Of note, MMPs
are often released together with their inhibitors [59], suggesting a delicate balance.
The above-cited references and related others [62—65] suggest that many or most of
the MMPs are released bound to MP of the “ecto-MP” type. A recent clinical study
documented clear correlations between MMP-3, MMP-9, and disease status in MS
patients [66].
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Heat Shock Proteins (HSP)

These constitute a large family of immunomodulatory agents [67]. Their traditional
function is to serve as protein-folding chaperones, and as hallmarks of exosomes,
being found in nearly all proteomic studies of MP, especially HSP-70. Several
appear to have neuron-specific functions. For example, antibodies to HSP-90beta
interfered with remyelination [68].

The small HSP, alphaB crystallin, elevations of which are associated with a range
of inflammatory neurodegenerative disease, was shown to be secreted in exosomes
[69], as discussed also by vanNoort [67]. Pinocytic uptake of exosomes has been
found to depend on an HSP called ERK1/ERK?2 (HSP27) [70].

MP as Immune Complex (IC) and Complement

Several neuroinflammatory disorders are known or suspected to involve autoimmu-
nity. Practically all proteomic studies of MP/exosomes detect substantial amounts of
IgG, IgM, and complement (C) fragments on MP. It has long been known that
MP-associated antibody-antigen (Ab:Ag) complexes (IC) are released on MP by the
action of C. Recently, it was shown that MP-IC exert significant neuroinflammatory
action [42]. The cause of shedding of IC from cell surfaces is often C-mediated
attack on the opsonized cells, resulting in the release of Ab/Ag/C complex MP. A
specific protein, mortalin, has been identified as instrumental in this process [71].
Mortalin belongs to the HSP family (“stress chaperones”) and has been implicated in
Parkinson’s disease (PD) [72]. Additional related references are given in the review
by Robbins et al. [73], covering also cytokines on MP and their surface expression of
PAMPs/DAMPs (“pathogen-associated molecular patterns” and “danger-associated
molecular patterns”), which should include also “altered-self” proteins. The C sys-
tem plays versatile roles in neuroinflammation, including beneficial ones [74].

Bioactive Lipids

Many bioactive lipids are available on MP, and oxidized phospholipids (oxPL) on
them are also pro-inflammatory [75]. However, if inflammatory lipids are critical in
neurodegenerative diseases, the question arises, why do they not respond well to
NSAIDs? i.e., to cyclooxygenase (COX) inhibitors? To answer that, Fiebich et al.
propose a novel “two-hit” cycle involving prostaglandin and ATP released from
injured cells [76]. MP-associated bioactive lipids in neuroinflammation were dis-
cussed in our earlier review.

Cell-Cell Signals (“Cross Talk”)

All of the above agents can be transferred from cell to cell via MP, such as neuron-
glia “cross talk” [77]. Evidence shows that lipid raft regions of the cell are crucial in
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cell-cell signal functions [78-80], consistent with evidence that MP are released
from lipid rafts. An emerging paradigm is the central role of lipid rafts in the release
of MP/exosomes, in cell-cell signaling, in transmission of viral and other microbial
infections, and in prion/prion-like diseases, as cited in following sections.

Recent Advances: MP in Selected Neuroinflammatory States
Foreword

Some of the disorders in this article are considered from more than one perspective;
continue in the next section (protein-misfolding diseases).

MP in Brain Injury and Neurovascular Dysfunction

Some sources on this were earlier cited, regarding infection in section “Micro-RNA
(miRNA)” [47] and ischemic brain injury in section “Matrix Metaloproteinases
(MMPs)” [61]. Brain injury of several causes such as stroke or trauma present simi-
lar neuroinflammatory profiles in the progressive worsening of disability for up to
7 days following the initial insult. This progressive deterioration is attributed to
inflammatory responses such as oxidative stress.Traumatic brain injury (TBI), isch-
emic stroke, and hemorrhagic stroke have similar post-event sequelae in the neuro-
vascular unit [81].

The review of Terasaki et al. [81] prominently cites evidence supporting a caus-
ative role for MP in the progressive decline following brain injury. Taylor advocates
MP as useful biomarkers for monitoring TBI [82]. Rivero et al. provide an up-to-
date account of exosome-mediated inflammatory signaling pathways and demon-
strate that administration of exosomes loaded with selected siRNA improves
indicators of recovery in an animal model with spine injury [83]. Sanborn et al. have
characterized the rise and fall of some MP subtypes post-subarachnoid hemorrhage
[84].

MP and Infectious Diseases of the CNS

A great many infectious agents, especially virus, selectively bind to lipid rafts of
the host cell to gain entry, and conversely, new virions are released in MP, such as
retrovirus [85]. Biochemical details of the budding process are now better under-
stood, as given, for example, by Nabhan et al. [86]. Release of the virions may be
prompted by immune mechanisms responding to immune complex (IC) and can
be complement-mediated. Examples include pseudorabies virus, cholera, rotavi-
rus, shigella, HIV, and Newcastle disease virus [87-92]. These facts suggest
inhibiting MP release might be a therapeutic target in slowing the dissemination
of virions; see 6.
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Tantalizing evidence for a viral trigger in the etiology of several neurodegenera-
tive diseases (MS, ALS, AD, PD, others) is well known. Mechanisms of brain dam-
age by virus-induced neuroinflammation were recently reviewed [93], as was
HIV-associated dementia [94]. However, the latter paid little attention to a possible
role of MP, although several studies have shown correlations of MP to HIV (HTLV-
1) progression, including from our laboratory [95].

Viral theories of neurodegenerative diseases have recently shifted focus to human
endogenous retroviruses (HERV), for example, in amyotrophic lateral sclerosis
(ALS) [96]. A number of papers have shown that HERV transcripts occur on MP,
e.g., [97]. Several other reports of HERV transport by MP are in the field of repro-
ductive medicine and as cited above [85].

Multiple Sclerosis (MS)

The significance of MP in MS has been recently reviewed [98]. Therefore, we here
review only some recent work that strikes us as seminal. Among the most intensive
studies of MP in MS is that by Verderio et al. [99], a technical tour de force by 20
authors, using two EAEs (animal models of MS). The MP species studied were
mainly from microglia/macrophages measured in CSF. Results demonstrate eleva-
tion of MP in close association with the evolution of inflammation in the animal
models, consistent with results in patients in that report and with an earlier study
cited above [37].

A most interesting finding in that report is that a mouse strain (A-SMase KO)
known to be resistant to EAE was also deficient in ability to release MP and was
also resistant to the inflammatory effects of injecting inflammatory MP [99]. This is
persuasive evidence that MP play a decisive role in MS. However, others have
shown that MP/exosomes derived from oligodendrocytes can have widely differing
effects, suggesting caution in attributing adverse vs. beneficial effects to any given
MP phenotype [49]; see also [100]. Nevertheless, it may be interesting to test the
effect of inhibitors of MP release on the progression of disease in EAE animal
models.

Another highlight concerns the known tendency of progressive MS to remit dur-
ing pregnancy. Working with an animal model, Gatson et al. initially demonstrated
that the active component of this effect was a factor in serum [101] and, in a follow-
up work, identified the serum factor as exosome associated [102]. This discovery
could have therapeutic impact, if and when the specifics are delineated. It was
recently observed that chronic infection with Staph. aureus also abated progression
of EAE (animal model of MS), and the mechanism of benefit was identified [103].

Miscellaneous Others

Neuropsychiatric systemic lupus (NPSLE) was recently shown to be characterized
by unusual pattern of MP lineages, of which only monocyte MP were distinctive,
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others being reduced [104]. The authors do not know if the reduced levels of some
phenotypes result in reduced shedding, or increased consumption, possibly seques-
tered in the brain.

MP in Protein-Misfolding Diseases
Background

Expert opinion increasingly favors the view that most of the neurodegenerative dis-
ease (AD, PD, ALS, others), without definite known cause, share in expressing
aberrant proteins in the brain not cleared by normal mechanisms, forming insoluble
aggregates or plaques. This is generally attributed to misfolded proteins. They are
also known as “prion-like” diseases [105] on the model of kuru, scrapie (in sheep),
and other prion-mediated spongiform encephalopathies, notably, Creutzfeldt-Jakob
disease [106]. It was recently shown that AD is likely transmissible [107]. In
Huntington’s disease (HD), the aberrant protein is polyglutamine [108, 109]. Like
many viruses, these self-propagating misfolded proteins are selectively associated
with lipid raft domains of the cells [110, 111] and may be attacked by the comple-
ment system [112]. It is known that prion protein occurs in circulating endothelial
MP [113]. The main source of circulating amyloid precursor protein (APP), impli-
cated in AD, is platelets [114] and more recently, that it is carried on platelet MP
(PMP) [115]. It appears that protein misfolding can be transmitted and “spread” on
MP, as further commented below.

Amyotrophic Lateral Sclerosis (ALS)

A virus link to ALS has long been suspected, as reviewed [96]. However, promising
new work suggests that ALS is a protein-misfolding disease. Evidence for involve-
ment of MP/exosomes in the transport of these toxic proteins is given by Bellingham
et al. [116]. Mutant superoxide dismutase-1 (SOD-1) was proposed as a candidate
culprit in ALS [117], and very recent experiments offer further support in that direc-
tion [118]. It is believed that the complement (C) system normally acts to eliminate
such aberrant proteins [112]. It is believed that aggregated misfolded protein is the
cause of neurodegeneration but Lee et al. question this assumption in ALS [119].

MP, a-Synuclein, and Parkinson’s Disease (PD)

The neuron-specific protein, a-synuclein, is recognized as a major player in PD
[120, 121]. Plasma exosomes containing a-synuclein likely originate in the CNS
and increase in PD [122]. Plasma exosomes were found to accelerate aggregation of
a-synuclein [123]. Exosomes isolated from CSF of patients with PD or AD were
tested for several miRNA and other markers, including a-synuclein, with significant
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differences between AD, PD, and normal controls, suggesting use as a diagnostic
aid, and involvement in pathogenesis [124]. Most encouraging was the administra-
tion of exosomal siRNA against a-synuclein on a murine model, resulting in reduc-
tion of a-synuclein aggregates, the presumed cause of neurodegeneration [125].
Related work purports to elucidate the secretion of toxic exosomal [125]. These
papers are only a small sampler of literature found on this topic for their review. For
example, search of PubMed using “amyloid precursor protein and extracellular
vesicles” yields 80 papers on this alone. Thus, MP/exosomes are recognized as
major players in these diseases.

Therapeutic Strategies Involving MP
Therapeutic MP/Exosomes Crossing the Blood-Brain Barrier (BBB)

Properties of MP which govern their ability to cross the BBB are important for three
reasons:

(i) Design or selection of MP for purposes of delivering drug therapy
(i1) For use as vectors of gene therapy
(iii) For insight on pathological aspects of certain MP types

Our readings indicate growing interest in using cell-derived MP/exosomes as
vectors for gene therapy, avoiding risks of virus vectors. In reviewing literature on
MP crossing the BBB, we identified at least five variables which appear to govern
this capability:

1. The presence of specific promoters of endocytosis. An example was cited in sec-
tion “Heat Shock Proteins”: surface expression of ERK1/2, also called HSP27
[70].

2. The presence of agent tending to disrupt endothelial integrity, increasing vascu-
lar permeability, for example, semaphorin3A [126] and the Nef protein of HIV
[127].

3. Pre-existing partial compromise of the BBB, such as by traumatic brain injury
(TBI), facilitating crossing [128]. This may pertain to increased risk of neurode-
generative disorders in subjects with history of TBI and to the life-threatening
“coagulopathy of trauma” which is prevalent in TBI [129].

4. Electric charge (zeta potential) on MP is another determinant of passage across
the BBB [130].

5. Smaller size also favors passage, other factors being equal, as shown for nonbio-
logical MP engineered for drug delivery [131, 132].

Much promising work in this direction is ongoing. Haney et al. developed exo-
somes for delivery of catalase to PD patients [133]. Sampey et al. discuss the effect
of viral infections on exosomes and suggest that viral mechanisms of crossing the
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BBB might be engineered into exosomes [134]. de Rivero showed that neuron-
derived exosomes delivered cargo of siRNA across the BBB of spine-injured ani-
mals [83]. Work of L. Alvarez et al. on exosomal delivery of siRNA to the mouse
brain is often cited as pioneering [135]. Related work by Frolich et al. was earlier
cited [49].

Statin Therapy and Hypothesis

Many studies led to a major clinical trial of simvastatin for MS, with finding of
significant benefits [136], as discussed [137, 138]. However, the explanation for the
benefit was not clear. In view of work cited above, it is possible that the benefit
results from reduced release of MP. Release of MP is strongly dependent on ample
cellular cholesterol [139], thus one of the pleiotropic effects of statins [140] is
reduction of MP release [141, 142]. This may also bear on the anti-inflammatory
action of statins. For example, in a rat model of hemorrhagic stroke, simvastatin
reduced post-injury mortality [143], attributed to mitigation of inflammation.
Release of some virions has similar lipid raft dependence [92]. On the other hand,
mounting evidence indicates that statins applied to neuroinflammatory disorders
can have adverse effects [140]. The adverse effects may be explained in the same
terms, insofar as MP/exosomes constitute a network of signals, many of which are
neuroprotective and regenerative [144]. Incidentally, it is interesting that measles
virus impairs cholesterol biosynthesis [145], possibly to avoid easy shedding in MP,
thus evading innate immunity.

Stem Cell-Derived MP/Exosomes

It was shown that administration of exosomes derived from multipotent mesenchy-
mal stromal cells promoted recovery following stroke in a rat model [146]. In a
related study, the benefit was attributed to the presence of a micro-RNA (MiR-133b)
bound to the exosomes [147]. Others had previously shown the presence of MMP-9
and FGF-2 on mouse MP derived from angioblast stem cells [60]. Most recently, it
was reported that MP from endothelial progenitor cells protected against
complement-mediated glomerulonephritis [148]. Also recently, traumatic brain
injury (TBI) was found to respond very favorably to administration of exosomes
derived from mesenchymal stem cells [149]. MP-mediated inflammatory signaling
is well summarized by de Rivero et al., in terms of the inflammasome [83].
Conversely, it was shown that MP from ischemic mice induce apoptosis of endo-
thelial cells (EC); this effect was not caused by oxidative stress but instead involved
caspase3, since inhibition of caspase reduces cell death [150]. This experimental
design could be applied to evaluate harm from MP in neurodegenerative diseases.
Those authors define MP as <400 nm in size and demonstrate activation of TNF-a
and TRAIL pathways. Hayon et al. provide a broadly informative summary of the
role of MP in rehabilitation of ischemic brain [151], with emphasis on factors from
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platelets and their PMP. Camussi et al. discuss transfer of genetic information via
MP/exosomes to result in “epigenetic reprogramming’ of cells [152].

Inhibition of Complement (C) System

The C system is the core of innate immunity and is capable of inducing release of
MP, especially in immune mediated disorders [153—-155]. It can also degrade other-
wise healthy cells expressing antibodies or damaged self-proteins and plays a major
role in the clearance of many MP phenotypes. Accordingly, the C system may be a
target of therapy in selected neurological disorders.

Fluitier et al., using a mouse model of traumatic brain injury (TBI) and an inhibi-
tor of C6 made in their laboratory, were able to significantly promote neurological
recovery and reduce secondary neuronal injury post-TBI by inhibiting the terminal
membrane attack complex (MAC) [156]. At least three C inhibitors are approved
for humans: compstatin [157, 158], the C1 inhibitor (C1-INH) [159], and eculi-
zumab, approved for paroxysmal nocturnal hemoglobinuria (PNH) [160]. PNH can
have neurological complications [161]. However, that the C system is also known to
exert many effects favorable to tissue repair and recovery.

Pilzer et al. provide new insight on C-mediated MP generation, showing that a
specific cellular protein, mortalin/GRP75, is responsible for shedding of MP with
bound MAC, this being a mechanism for eliminating MAC from the cell surface
[71, 155]. Sims et al. had earlier shown that cells can recover their membrane poten-
tials after shedding MAC [153]. Mortalin is also known as the heat shock protein,
HSPAO.

Elward et al. cast new light on C-mediated clearance of senescent cells and MP
and underlying mechanisms which may in future allow manipulation of MP levels
in blood or CSF. Their main finding was a key role for clustering of CD46, which
then binds C1q or C opsonins [162]. (CD46 is also known as “membrane cofactor
protein,” a C regulator, along with CD55 and CD59.)

Concluding Comments

It is seen in this review that MP/exosomes are now regarded as fundamental in neu-
roinflammatory conditions. Because of the unexpectedly large literature on these
matters, and length restrictions, many fine papers could not be cited, and discussion
of several additional specific disorders had to be dropped.

Among topics not covered are the intracellular vesicles known as clathrin-coated
pits, which may be released from the plasma membrane in exosomes to transmit
prion infection [Eur. J. Cell Biol., 2009, 88(1): 45-63]. Intracellular trafficking via
MP is a related field with important new developments, such as intracellular trans-
port across the nuclear membrane and to the plasma membrane. As stated in a recent
issue of Cell: “Vesicular nucleo-cytoplasma transport is becoming recognized as a
general cellular mechanism for translocation of large cargos across the nuclear
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envelope” [C. Hagen, K.C. Dent, et al., Dec. 17, 2015; Cell, v163, p1692-1701].
These particles are the likely source of exosomal genetic transcripts.

It is clear that better understanding of detailed mechanisms of MP formation,
cargo sorting, release, clearance, and targeting hold great promise for gaining new
insights into many devastating neurological conditions. Those insights, some of
which are seen in this review, hold the promise of effective new therapies.
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Acute Disseminated Encephalomyelitis: 7
Clinical Features, Pathophysiology,
and Clinical Management

Omar Hussein and Alireza Minagar

Introduction

ADEM is a presumably immune-mediated multifocal or diffuse inflammatory
demyelinating disease of the brain and the spinal cord that, often but not always,
occurs para-infection or postvaccination. It affects children more commonly than
adults but that might be attributed to the more clearly defined diagnostic criteria
available for children more than adults who might also have pre-existing white mat-
ter lesion(s) secondary to a different pathology leading to underscoring adult ADEM
[1]. From certain viewpoints, ADEM resembles MS and other demyelinating dis-
eases; however, significant differences do exist. ADEM occurs worldwide and usu-
ally males and females are affected equally, unlike relapsing-remitting MS that is
more common among females. However few studies suggested slight male pre-
dominance [2—4]. A cornerstone landmark for the diagnosis of ADEM, especially
in children, is encephalopathy in the absence of fever along with other manifestation
[1]. This is attributed to the early involvement of the cortical gray matter in the
course of the disease unlike most other demyelinating conditions in which cortical
involvement usually occurs latter as the disease progresses. Gray matter involve-
ment also causes dystonia and other movement disorders [3]. ADEM rarely exists
in multiphasic and recurrent forms, but if occurred, encephalopathy remains the
cornerstone. To date, there is no unique biomarker that exists to distinguish ADEM
from other demyelinating or non-demyelinating conditions making it mostly a diag-
nosis of exclusion [3]. Pathological differences also do exist between the different
autoimmune demyelinating conditions according to biopsy and postmortem tissue
analysis [5]. Neuroimaging is, somehow, helpful as ADEM usually presents as mul-
tifocal larger lesions or less commonly as a single large confluent white and deep
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gray matter bilateral symmetrical lesion involving the basal ganglia and the thalami
that, sometimes but not always, enhance. Despite of this, tumefactive MS and dif-
ferent brain tumors especially gliomas can mimic this presentation making the diag-
nosis and early initiation of treatment a dilemma. Recently, advances in neuroimaging
including MR perfusion, spectroscopy, and susceptibility images have been used to
try to differentiate between these conditions. Large randomized studies still lack
regarding these attempts. The cornerstone in the treatment of ADEM is early initia-
tion of pulse steroid therapy followed by oral taper. It is crucial to differentiate
ADEM from other autoimmune demyelinating conditions as usually ADEM does
not require long-term immune modulation or immune suppression, but in some
cases, this remains difficult and thus requires close follow-ups for any relapses or
new lesions to appear. In some mimicking conditions like lymphoma, early pulse
steroid therapy without reaching a definite diagnosis might create a real challenge
as this might mask the diagnosis of lymphoma even if brain biopsy is performed
later on. Thus, in such challenging suspicious cases, brain biopsy is recommended.

Clinical Features

ADEM is usually a monophasic disease with acute onset. However, hyperacute and
subacute cases as well as multiphasic and recurrent cases have been described [1-
4]. Patients with ADEM are mostly children with mean age between 5 and § years
old [2, 3]. The clinical manifestations depend on the location, severity, and extent of
the lesions. Clinical feature usually commences 1-4 weeks following the infection.
Encephalopathy, defined as altered sensorium ranging from drowsiness to coma or
just behavioral changes in the absence of fever, systemic illness, or seizure, is the
key manifestation required for the diagnosis of ADEM [1]. Other neurologic pre-
sentations including headache, fever, and seizures (35%) are among the common
clinical manifestations. Uncommonly and depending on the location of the demye-
linating lesions, optic neuritis, myelitis, ataxia, weakness and sensory abnormali-
ties, abnormal involuntary movements, ataxia, falls, aphasia (uncommonly), cranial
nerve palsies (apart from optic nerves), and general presentations of meningitis and
encephalitis can occur. Respiratory compromise can occur if brain stem is affected.
A number of patients with ADEM also develop neuropsychiatric syndrome. Signs
of long tract involvement such as hyperactive reflexes as well as the presence of
clonus and extensor plantar responses are also commonly present. Nevertheless,
peripheral nervous system demyelination is not unusual in pediatric and adult
patients [3]. The neurological manifestations of ADEM tend to fluctuate and evolve
during the first 3 months of onset; thus, recurrence should not be considered before
3 months. According to the revised International Pediatric Multiple Sclerosis Study
Group (IPMSSG) criteriain 2012, this is irrespective of corticosteroid use (Table 7.1)
[1]. A key exclusionary criterion is the lack of clinical or imaging evidence of prior
CNS lesions [6].
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Table 7.1 Comparison of 2007 and 2012 definitions for pediatric acute demyelinating disorders
of the central nervous system (CNS)

Disorder 2007 2012
CIS A first monofocal or multifocal A first monofocal or multifocal CNS
CNS demyelinating event; demyelinating event; encephalopathy is
encephalopathy absent absent, unless due to fever
Monophasic A first polysymptomatic clinical | A first polyfocal clinical CNS event with
ADEM event, with presumed presumed inflammatory cause
inflammatory cause that affects Encephalopathy that cannot be
multifocal areas of the CNS explained by fever is present
Encephalopathy is present MRI typically shows diffuse, poorly
MRI typically shows large, demarcated, large, 1-2 cm lesions
>1-2 cm white matter lesion; involving predominantly the cerebral
gray matter involvement white matter; 77 hypointense white
(thalamus or basal ganglia) is matter lesions are rare; deep gray matter
frequent (e.g., thalamus or basal ganglia) can be
New or fluctuating symptoms, present
signs, or MRI findings within No new symptoms, signs, or MRI
3 months of the incident ADEM | findings after 3 months of the incident
are part of the acute event ADEM
Recurrent New event of ADEM with a Now subsumed under multiphasic
ADEM recurrence of the initial ADEM
symptoms and signs, three or
more months after the first
ADEM event
Multiphasic New event of ADEM, but New event of ADEM 3 months or more
ADEM involves new anatomic areas of after the initial event that can be
the CNS and must occur at least | associated with new or reemergence of
3 months after the onset of the prior clinical and MRI findings. Timing
initial ADEM event and at least in relation to steroids is no longer
1 month after completing steroid | pertinent
therapy
MS Any of the following: Any of the following:

Multiple clinical episodes of
CNS demyelination separated
in time and space

Single clinical event which is
associated with 2001
McDonald Brain MRI criteria®
for DIS and subsequent
changes on MRI consistent
with criteria 2001 McDonald
criteria for DIT [4]

An episode consistent with the
clinical features of ADEM
cannot be considered as the
first event of MS

Two or more nonencephalopathic
CNS clinical events separated by
more than 30 days, involving more
than one area of CNS

Single clinical event and MRI features
rely on 2010 Revised McDonald
criteria® for DIS and DIT [4] (but
criteria relative for DIT for a single
attack and single MRI only apply to
children >12 years and only apply to
cases without an ADEM onset)
ADEM followed 3 months later by a
nonencephalopathic clinical event
with new lesions on brain MRI
consistent with MS

(continued)
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Table 7.1 (continued)

Disorder 2007 2012
NMO All are required: All are required:
Optic neuritis Optic neuritis
Acute myelitis Acute myelitis
At least one of two supportive At least two of three supportive
criteria criteria
Contiguous spinal cord MRI Contiguous spinal cord MRI lesion
lesion >3 vertebral segments >3 vertebral segments
Anti-aquaporin-4 IgG Brain MRI not meeting diagnostic
seropositive status criteria for MS
Anti-aquaporin-4 IgG seropositive
status

ADEM acute disseminated encephalomyelitis, CIS clinically isolated syndrome, CNS central ner-
vous system, DIS dissemination in space, DIT dissemination in time, MRI magnetic resonance
imaging, MS multiple sclerosis, NMO neuromyelitis optica

“The 2001 McDonald MRI criteria for DIS require three of the following four MRI features: >9 T2
lesions or 1 gadolinium-enhancing lesions, >3 periventricular lesions, >1 infratentorial lesion(s),
and >1 juxtacortical lesion(s). The DIT criteria require subsequent white matter lesions whose
timing depends on the temporal relation of the initial MRI with the onset of the clinical
symptoms

"The 2010 Revised McDonald MRI criteria for DIS require the presence of at least two of the fol-
lowing four criteria: >1 lesion in each of the four locations; periventricular, juxtacortical, infraten-
torial, and spinal cord. The 2010 Revised McDonald MRI criteria for DIT can be satisfied either
by the emergence of newT?2 lesions (with or without enhancement) on serial scan(s) or can be met
on a single baseline scan if there exists simultaneous presence of a clinically silent gadolinium-
enhancing lesion and a nonenhancing lesion

While ADEM is generally considered a monophasic disease, patients with
ADEM and multiphasic course or recurrent attacks exist as mentioned above [1].
According to the revised IPMSSG criteria, recurrent ADEM is now subsumed under
multiphasic ADEM. Thus, multiphasic ADEM is now defined as new event of
ADEM 3 months or more after the initial event that can be associated with new or
reemergence of prior clinical and MRI findings [1].

After publishing the initial IPMSSG in 2007, few prospective studies are con-
ducted to evaluate the predictive value of such criteria in predicting relapse of the
first episode of ADEM to MS. For this to occur, the second episode was defined as
nonencephalopathic event with new MRI finding consistent with dissemination in
space occurring at least 3 months after the first episode. A second relapse consistent
with MS rather than multiphasic ADEM was detected in 2-18%. Of all relapses,
80% occurred with 2 years of the first event [2, 4].

Acute hemorrhagic leukoencephalitis (AHLE) is rare variant of ADEM (< 2%)
commonly presenting with fever, neck stiffness, seizures, and/or focal neurological
deficits following upper respiratory infection with more rapid progression within days
leading to coma and death in some cases due to increased cerebral edema and hernia-
tion if untreated urgently. It is considered the most aggressive of all demyelinating
diseases. Areas of hemorrhage and necrosis along a massive white matter involvement
are evident on the MRI. Many cases are diagnosed on postmortem autopsy [7].
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Immunopathogenesis and Neuropathology

The exact pathophysiology of ADEM remains only partially understood, and the
issue becomes more complicated when neurologists review the potential relation-
ship between ADEM and MS as why most patients with ADEM will not progress to
clinically definite MS. Most experts concur that ADEM is an immune-mediated
disease and the similarities between ADEM and experimental allergic encephalo-
myelitis also raise interesting questions about ADEM being an autoimmune condi-
tion (RRERRRRR) [8-11].

Presently, the prevailing hypotheses about the pathophysiology of ADEM include
“molecular mimicry theory versus inflammatory theory,” and both share the funda-
mental tenet that the patient’s immune system has been exposed to an antigenic chal-
lenge (viral or bacterial antigens) and this in turn precipitates a massive immune
response which clinically manifests as ADEM. Based on the molecular mimicry
hypothesis, certain CNS molecules such as myelin basic protein, proteolipid protein,
and myelin oligodendrocyte protein share certain structural features with antigenic
infrastructure and determinants of invading microorganism, and as a result the pro-
voked immune response, particularly antiviral or antibacterial antibodies, cross-
reacts with some or all of the abovementioned CNS natural molecules, and this
translates into a formidable autoimmune response and initiation of ADEM. Of note,
viruses implicated in ADEM include influenza virus, enterovirus, measles, mumps,
rubella, VZV, EBV, CMV, HSV, hepatitis A, and coxsackievirus. Bacteria linked to
pathophysiology of ADEM are Mycoplasma pneumoniae, Borrelia burgdorferi,
Leptospira, and group A beta-hemolytic streptococcus [12]. In addition, potent anti-
myelin basic protein antibodies have been detected in patients with post-vaccinial
ADEM after being vaccinated with Semple rabies vaccine [13, 14].

According to the inflammatory hypothesis of ADEM, the patient’s CNS is
injured secondary to the offensive viral infection. As a result of this and due to
disruption of the blood-brain barrier, CNS antigens such as myelin-based epit-
opes are released into the peripheral circulation [9]. The released antigens are
exposed to the T lymphocytes which in turn cause a new cascade of inflammation
targeted against the patient’s CNS. This infection-based hypothesis originates
from another animal model of inflammatory demyelination, Theiler murine
encephalomyelitis virus (TMEV), which generates a two-stage disease: the ini-
tial CNS viral infection followed by a second autoimmune response with more
destruction to the patient’s CNS. A number of chemokines and cytokines such as
IL-6 and TNF-a have been proposed in pathophysiology of ADEM; however,
Based on their analysis Franciotta et al. [15] analyzed the cytokine and chemo-
kine profile in the CSF of patients with ADEM versus MS and noticed that com-
pared to healthy controls, CSF of patients with ADEM contained significantly
higher levels of chemokines with attractant/activating properties toward neutro-
phils (CXCL1 and CXCL7), monocytes/T lymphocytes (CCL3 and CCL5), Thl
lymphocytes (CXCL10), and Th2 lymphocytes (CCL1, CCL22, CCL17). Based
on their analysis, they noticed that within the CSF, mean levels of CXCL7,
CCL1, CCL22, and CCL17 were more elevated in patients with ADEM than
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those with MS. The CSF levels of CCL11 were lower in MS patients than those
with ADEM. The authors concluded that increased expression of chemokines
active on neutrophils and Th2 lymphocytes can separate ADEM from MS.

The most salient and the neuropathological hallmark of ADEM (which is also
recognized as perivenous encephalomyelitis) is the presence of peri-venular
(perivenous) inflammation with penetration and presence of macrophages and
areas of demyelination which affect various and large areas of cerebral hemi-
spheres, brain stem, cerebellum, subcortical gray matter, and spinal cord in a
sleeve like fashion. While perivenous inflammatory demyelination also occurs in
the context of MS, demyelination in MS consists more obviously of confluent
layers of macrophages mixed with reactive astrocytes. In ADEM, it is presumed
that such immune cell-mediated inflammatory demyelination stems from or is
triggered by infection or immunization. Other less common abnormalities con-
sist of the presence of lymphocytes and neutrophils outside the Virchow-Robin
space, infiltration of the vascular wall by the inflammatory cells, perivascular
edema, and swelling of the endothelium. Chronologically, ADEM lesions appear
to be of similar oldness and more prominently affect the small vessels of the
white matter; however, they also affect the deeper layers of the cerebral cortex,
thalami, hypothalamus, and basal ganglia as well as the vessels in walls of the
lateral and third ventricle. Interestingly, the neuropathology of ADEM shares
certain similarities with monophasic EAE.

Regarding AHLE, influenza, HSV, mycoplasma pneumonia, and EBV have been
reported to precede the condition. It is hypothesized that AHLE results from direct
viral neuro-invasion, neurotoxin production, and immune-mediated demyelination.
Pathologically it consists of deep white matter fine vacuolation, perivascular demy-
elination associated with areas of ring and ball hemorrhages, and fibrinoid vascular
necrosis along with neutrophil and monocyte infiltrates [16]. Although nonspecific,
when incorporated with in the clinical context, AHLE diagnosis can be made.

Diagnosis

Diagnostic criteria for ADEM both from 2007 to 2012 are cited in Table 7.1 [1]. In
patients with ADEM, certain nonspecific markers such as platelet counts and sedi-
mentation rate can be increased as in most other autoimmune diseases. Examination
of CSF may be unremarkable; however, it usually demonstrates elevated protein
concentration (usually between 0.5 and 1.0 g/dL) and lymphocytic pleocytosis
(between 50 and 200 cells/mm?). The oligoclonal bands are less commonly observed
than in MS and are more frequently found in adults than children with ADEM. In a
minority of patients with ADEM, increases in CSF immunoglobulins can be
detected. Serum anti-aquaporin-4 IgG antibody is absent, while serum anti-MOG
(myelin oligodendrocyte glycoprotein) antibodies may be present transiently.
Certain nonspecific markers of inflammation such as elevated IgG index and
increased myelin basic protein level are occasionally detected. In some patients
with ADEM, virologic investigation of the CSF and/or serum may reveal the
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presence of certain viral protein and other viral biomarkers, which have been associ-
ated with development of ADEM.

Neuroimaging is one of the most significant diagnostic tests for ADEM. CT scan
of the brain may be unremarkable or at best demonstrates areas of nonspecific low
attenuation involving subcortical white matter. These affected areas may or may not
enhance following infusion of the CT contrast. MRI of the brain and spinal cord
with and without contrast is a more informative diagnostic tool and plays a major
role in establishing the diagnosis of ADEM and excluding some of its differential
diagnoses. Indeed, observing giant and disseminated demyelinating lesions on brain
and spinal MR imaging strongly supports a diagnosis of ADEM; however, brain
tumors and tumefactive MS can also present similarly.

According to the IPMSSG, typically, MRI shows diffuse or multifocal, poorly
demarcated, large, (>1-2 cm) hyperintense lesion(s) on T2-weighted as well as fluid-
attenuated inversion recovery (FLAIR) sequences involving predominantly the cere-
bral white matter as well as deep gray matter lesions, and infratentorial structures
(mainly thalami and basal ganglia) can be detected (Figs. 7.1,7.2, 7.3, and 7.4) [12].
White matter lesions which manifest as hypointense signals on T1-weighted images

Fig.7.1 T2-weighted axial view of brain of a patient with ADEM which demonstrates multiple large
hyperintense lesions involving mainly the white matter (From Dale [8] Copyright permission obtained)



168 0. Hussein and A. Minagar

Fig. 7.2 (a-l) Axial fluid-attenuated inversion recovery (FLAIR) images through the infratento-
rial regions of 12 children with ADEM (From Marin and Callen [12] Elsevier, Inc. Copyright
permission obtained)

are uncommon but not unheard of. A single diffuse bilateral symmetric large lesion
involving the deep gray matter is occasionally present. Infrequently, these can exert
mass effect. In such cases, neurosurgical biopsy should be considered to exclude
glioma and other primary or metastatic brain tumors, infective processes, and other
inflammatory diseases. The presence of hypointense lesions on T1-weighted images,
particularly if persistant, with the presence of two or more periventricular lesions
should suggest a diagnosis of MS rather than ADEM [1].

Based on our observations of our patients with ADEM, these MRI abnormal sig-
nals are often larger than MS lesions, more symmetric, lack well-defined margins,
and can involve the subcortical gray matter — the basal ganglia and thalami (Fig. 7.5).
Some of the ADEM lesions reveal enhancement on post-contrast T1-weighted
sequence (14-30%), and usually their pattern of enhancement is more homogeneous
than MS lesions. Following treatment, repeat MRI of the brain does not show devel-
opment of new lesions and only reveals significant resolution of old lesions.
Interestingly, MRI of the brain also assists neurologists to search for certain features
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Fig. 7.3 (a-1) Axial FLAIR images at the level of the basal ganglia and thalamus of 12 children
with ADEM (From Marin and Callen [12] Elsevier, Inc. Copyright permission obtained)

such as location and symmetry of distribution of the demyelinating lesions with the
relative absence of periventricular lesions and presence of deep gray matter lesions,
which are not typically seen in MRI of MS patients.

Proton MR spectroscopy (H-MRS) is an advanced neuroimaging technique
which has been utilized to study patients with ADEM. In acute stage of ADEM,
H-MRS reveals increase in lipid with decrease in myoinositol/creatinine ratio with
unchanged N-acetylaspartate (NAA) or choline concentrations [17, 18]. With fur-
ther underlying disease progression, decline in NAA and increase of choline con-
centrations in regions, where hyperintense T2-weighted abnormal signals are
present, are detected [17, 19].

The differential diagnoses of ADEM consist of long list of acute diseases or
disorders which cause leukoencephalopathy and either clinically or neuroradiologi-
cally imitate ADEM. The differential diagnoses of AHLE include ADEM, tumefac-
tive MS, acute necrotizing encephalitis of childhood, Leigh syndrome, vanishing
white matter disease, or toxic meningoencephalitis.
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Fig. 7.4 (a-1) Axial FLAIR images through the cerebral convexities of 12 children with ADEM
(From Marin and Callen [12] Elsevier, Inc. Copyright permission obtained)

Clinical Management

ADEM is relatively uncommon and in many occasions spontaneously improves and
is self-limiting. Therefore, no double-blinded placebo-controlled clinical trial to
establish the best treatment or superiority of one treatment over the other exists.
Most of existing literature on treatment of ADEM heavily stems from personal
observations and experience, small care series, care reports, and certain retrospec-
tive studies. The existing therapies for ADEM, heavily, rely on immunosuppression,
and once a diagnosis of ADEM is made, a neurologist should treat the patient with
intravenous pulse corticosteroid therapy (usually methylprednisolone 10-30 mg/kg/
day for children less than 30 kg and 1000 mg iv daily for 5 days for those heavier
than 30 kg). Some neurologists use intravenous dexamethasone (1 mg/kg/day)
instead of methylprednisolone. Most neurologists follow this pulse steroid therapy
with a tapering oral prednisone regimen.



7 Acute Disseminated Encephalomyelitis: Clinical Features, Pathophysiology 171

Fig. 7.5 Axial pre-contrast T1 MRI showing symmetrical hypodense lesion across the basal gan-
glia, the corpus callosum, and the internal capsule bilaterally

While most patients improve with treatment patients who fail to improve, should
receive a course of plasma exchange. In a milestone clinical study, Weinshenker et al.
[20] examined the efficacy of plasma exchange in treatment of patients with severe
demyelinating diseases of CNS unresponsive to corticosteroids in the course of a
randomized controlled crossover trial of genuine versus sham plasma exchange. The
investigators performed this trial on a cohort of 22 patients who qualified. They
detected that 42% of the patients have experienced moderate or significant progress
of their neurologic status compared to the 6% of the patients in the sham therapy and
the result of this study was statistically significant. This study included one patient
with ADEM, and it practically paved the path for more common use of this proce-
dure for treatment of severe demyelinating diseases of CNS. Various experts may do
five or seven rounds of plasma exchange. Intravenous immunoglobulin (IVIG) has
also been used for treatment of these patients. Plasma exchange has been superior
over IVIG in some case reports and small studies. Usually failure of one measure
leads to the initiation of the other.

Regarding AHLE, this is considered a medical emergency requiring aggressive
immune suppression with combined pulse steroid therapy and plasma exchange or
IVIG together with close continuous monitoring and medical and/or surgical
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treatment of increased intracranial pressure due to edema. AHLE is a grave disease
but cases that are treated early and aggressively may recover with minimal deficits.

MS Versus ADEM

It is a great dilemma to many neurologists whether a first demyelinating attack is in
fact a clinically isolated syndrome, that requires an immunomodulatory agents to
delay the onset of second attack or it is a monophasic form of ADEM not requiring
further immunomodulation or suppression. The underlying immunopathogenesis of
MS and ADEM is different, and patients with ADEM are expected to have complete
or significant recovery without developing further attacks. In certain patients the line
between MS and ADEM is blurry, and such determination is difficult. Certain relative
features assist neurologists to separate these two diseases. Patients with ADEM are
generally much younger (younger than 10 years), and there is no gender difference,
while the peak age for MS is 29 years, and females are more predisposed than males.
In certain cases, ADEM follows viral infections or happens after vaccination. Such
prior events are usually absent in MS patients. Patients with ADEM develop menin-
goencephalitis with seizures, while these features are scarce among MS population.
Neuroimaging of the brain in ADEM reveals giant contrast-enhancing lesions with
involvement of white and gray matter, while the MS lesions are smaller, patchy, and
ovoid. Longitudinal MR imaging in ADEM demonstrates resolution of demyelinating
lesions, while in MS the neurologists encounter development of more lesions.
Examination of CSF shows much higher number of lymphocytes in ADEM, while in
MS the number of lymphocytes is typically less than 50/mm?. Oligoclonal bands may
or may not be present in the CSF of ADEM patients, while they are present in the CSF
of up to 94% of patients with relapsing MS. Both diseases show a favorable therapeu-
tic response to corticosteroids.
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Autoimmune Encephalitis: Clinical
Features, Pathophysiology,
and Treatment

Ramin Zand

Autoimmune encephalitis represents a group of disorders characterized by various
immunologic mechanisms, clinical manifestations, and therapeutic outcomes. They
can be associated with paraneoplastic syndromes or nonneoplastic autoimmune
processes. Autoimmune encephalitis is usually associated with antibodies that can
acutely or subacutely affect any part of the central or peripheral nervous system
including neuromuscular junctions and muscles. Antibody-associated encephalitis
can be divided into two main categories: (1) encephalopathy associated with anti-
bodies against intracellular antigens and (2) encephalopathy associated with anti-
bodies directed against the neuronal surface and synaptic antigens [1, 2]. The
discovery of various antibodies related to autoimmune encephalitis has given us a
new insight into pathogenic mechanisms and treatment of these syndromes. That is
important since many patients with autoimmune encephalopathy are children and
young adults, and they may respond well to immunosuppressive treatment if diag-
nosed without delay. In this chapter, we review the epidemiology, pathophysiology,
clinical characteristics, diagnosis, and treatment of different syndromes associated
with autoimmune encephalitis.

History

In 1934, Greenfield initially described two cases of subacute cerebellar degenera-
tion occurring with carcinoma outside the nervous system [3]. Thirteen years later
in 1947, Denny-Brown reported two patients with primary sensory neuropathy and
muscular changes associated with bronchial carcinoma [4].
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In 1954, Henson et al. [5] published a series of 19 cases with various types of
carcinomatous neuropathy and myopathy. Eight of these patients had proximal atro-
phic weakness of limbs and involvement of ocular and bulbar muscles. Four patients
also exhibited myasthenic features with a favorable response to neostigmine in
some cases. Later in 1956, Chartan et al. [6] described episodes of severe mental
disturbance in three male patients with bronchial carcinoma. In all of those, the
mental disorder either preceded or overshadowed the presence of cancer.

In 1968, Corsellis et al. [7] reported autoimmune limbic encephalitis associated
with small-cell lung cancer. For years, it was believed that “limbic encephalitis” was
almost always associated with a form of neoplasia mainly lung, thymic, or testicular
tumors. In 2001, it was shown that voltage-gated potassium channels (VGKC) were
associated with reversible limbic encephalitis [8]. Four years later, other antibodies
to the cell surface or synaptic proteins were detected in six patients with subacute
limbic encephalitis and involvement of additional brain regions [9]. Further studies
of those patients with immunotherapy-responsive encephalitis resulted in the char-
acterization of the antigen as the NR1 subunit of the N-methyl-D-aspartic acid
receptor (NMDA receptor) and the definition of its clinical characteristics [10-12],
since many other neuronal cell surface antigens have been detected and introduced
in patients with autoimmune encephalitis.

Epidemiology

The California Encephalitis Project was established in 1998 to identify the etiologic
agents and to study epidemiology and clinical characteristics of encephalitis. In
2009, they reported ten cases of NMDA receptor antibodies and concluded that
unlike classic paraneoplastic encephalitis, anti-NMDA receptor encephalitis affects
younger patients [13]. Since, an increasing number of cases have been reported to
the California Encephalitis Project, making NMDA receptor antibodies a significant
cause of encephalitis among young patients. Between 2007 and 2011, 761 cases of
encephalitis of uncertain etiology in individuals aged <30 years were reported to the
California Encephalitis Project. Of these, 32 patients were tested positive for anti-
NMDAR encephalitis; however, viral encephalitis was diagnosed in only 42 patients
[14]. Although anti-NMDAR encephalitis was initially thought to affect young
women, often with teratomas, it can affect men and children, with or without any
identifiable tumor [15]. Overall, 75% of patients with anti-NMDAR encephalitis
can significantly recover when diagnosed promptly [10].

Among paraneoplastic syndrome, Lambert-Eaton myasthenic syndrome, which
affects approximately 3% of patients with small-cell lung cancer, and myasthenia
gravis, which affects 15% of patients with thymoma, are common [16]. Up to 9% of
patients with small-cell lung cancer have at least one form of paraneoplastic syn-
drome (commonly Lambert-Eaton myasthenic syndrome, sensory neuronopathy, or
limbic encephalitis) [16]. y-Aminobutyric acid (GABA-B) receptor antibodies are
also responsible for paraneoplastic limbic encephalitis in patients with small-cell
lung cancer [17].
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Pathophysiology and Clinical Presentation

Antibodies in autoimmune encephalitis can target intracellular antigens or antigens
on neuronal surface/synaptic space. Among those, antibodies which target intracel-
lular antigens are usually associated with paraneoplastic syndromes and a poor
prognosis. Antibodies to intracellular antigens include anti-Hu (also known as anti-
neuronal nuclear antibody, type 1, ANNA-1), anti-Ma2 (also called anti-Ta),
collapsin-responsive mediator protein-3, protein-4, and protein-5 (CRMP3-5), anti-
amphiphysin, anti-Yo, anti-Ri, adenylate kinase 5, and BR serine/threonine kinase
(BRSK?2) antibodies. Table 8.1 summarizes the antibodies to intracellular antigens
and their clinical presentation.

Antibodies to neuronal surface/synaptic antigens can also be associated with
cancer; however, they are more responsive to immunotherapy. Antibodies to neuro-
nal surface/synaptic antigens are often related to limbic encephalitis. In this group,
anti-N-methyl-D-aspartate (NMDA) receptor encephalitis and anti-leucine-rich
glioma-inactivated 1 (LGI1) comprise 85% of patients [1]. Anti-NMDA receptor
encephalitis has become one of the most frequently recognized autoimmune
encephalitides since its discovery. The disease is more frequent among women
(80%) and adults younger than 45 years old [39]. Almost half of the patients ini-
tially present with a headache and a viral-like process, followed by psychiatric man-
ifestations, altered mental status, in addition to language and memory dysfunction
[15, 40]. Seizure is frequent among pediatric patients [39]. More than two-third of
the patients suffer from seizures [39]. Table 8.2 summarizes the antibodies to intra-
cellular antigens, their associated syndromes.

More than half of patients with autoimmune encephalitis present with symptoms
of limbic encephalopathy including memory deficits, altered mental status, seizures,
and neuropsychiatric syndrome. Refractory seizures and status epilepticus have also
been reported [59, 60, 68]. Other common features of autoimmune encephalitis
include headache, tremor, language difficulties, ataxia, and sleep disorders.

Diagnostic Approach

The diagnosis of autoimmune encephalitis can be challenging because symptoms
usually precede the diagnosis of cancer or resemble other neurological or psycho-
logical disorders. An international panel of experts has identified diagnostic criteria
for paraneoplastic neurological syndromes (Table 8.3) [69].

Patients with clinical presentations of encephalitis should have a full workup
including neuroimaging, cerebrospinal fluid (CSF) examination, electroencepha-
lography (EEG), pertinent laboratory and serological studies, and, in some cases,
electromyography (EMG). Many other conditions (Table 8.4) are more frequent
than autoimmune etiologies of encephalopathies. They should be considered and
excluded.

Magnetic resonance imaging (MRI) of the brain is neither sensitive nor specific
for the diagnosis of autoimmune encephalitis. However, it is essential to exclude
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Table 8.1 Summary

of antibodies to intracellular antigens, their mechanisms, and related

syndromes

Antibody Associated tumor | Affected areas Clinical syndromes

Type 1 Adults: [18-20] | Multifocal, Sensory neuropathy — dorsal
antineuronal Small-cell central, and root ganglia involvement [22]

nuclear antibody
(ANNA-1/anti-Hu)

lung cancer

Other tumors

(rare)

No cancer

(15%)
Pediatrics:

No cancer (six

out of eight

cases) [21]

peripheral nervous
systems [18-20]

Limbic encephalitis [22]
Brain stem encephalitis and
paraneoplastic cerebellar
degeneration [23, 24]

Type 2
antineuronal
nuclear antibody
(ANNA-2/anti-Ri)

Breast, adnexal
tumor [25]

Central nervous
system neuronal
nuclei [25]

Opsoclonus, ataxia [25]
Ophthalmoplegia [26]

Purkinje cell
cytoplasmic
antibody type 1
(PCA-1/anti-Yo)

Ovarian, uterus,
adnexal, or
breast tumor [27]

Cerebellum —
Purkinje cell
cytoplasmic
antigens [27]

Paraneoplastic cerebellar
degeneration [23]

Anti-Ma proteins
(Mal, Ma2)

Testicular cancer
(more common
in germ cell
tumors) [28]

Limbic system,
cerebellum,
brain stem [28, 29]

Limbic encephalitis (differs
from classic limbic
encephalitis) [29]

Brain stem encephalopathy and
myelopathy [29]
Ophthalmoplegia, atypical
parkinsonism, hypokinetic
syndrome [29]

Progressive muscular atrophy
(a case report) [30]

Anti-amphiphysin

Breast, small-cell
lung, ovarian
cancer [31, 32]

A nerve terminal
protein with a
putative role in
endocytosis [33]

Stiff-man syndrome [31]
Sensory neuronopathy,
encephalomyelitis, limbic
encephalitis, Lambert-Eaton
myasthenic syndrome [32]

Anti-CV2/CRMP5

Thymoma,
small-cell lung
cancer [34]
Renal cell
carcinoma and
lymphoma [35]

Central and
peripheral
neurons, including
synapses [34]

Basal ganglia abnormalities
[35]

Cranial, peripheral, and
autonomic neuropathy [34]
Cerebellar ataxia, dementia,
and neuromuscular junction
disorders [34]

Others (only a few

cases reported):
Anti-CRMP3-+4
(36]
Anti-adenylate
kinase 5 [37]
Anti-BRSK2
[38]

CRMP3-4:
thymoma
Anti-adenylate
kinase 5: no
cancer detected
Anti-BRSK2:
small-cell lung
cancer

Limbic system

Limbic encephalitis
(progressive short-term
memory deficits, confusion,
seizures, and psychosis)
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Table 8.2 Summary of antibodies to neural surface, their clinical syndrome, and associated

tumors

Antigens

Clinical syndrome

Associated tumor

Miscellaneous

N-methyl-D-aspartate
receptor (NMDAR)

Prodromal syndrome
(a headache, fever, or
viral-like symptoms)
Psychiatric disorders
(anxiety, bizarre
behavior,
hallucinations,
delusions, etc.)
Amnesia

Seizure

Altered mental status
Movement disorders
Catatonia
Autonomic
Instability
(hyperthermia,
fluctuations of blood
pressure, tachycardia,
bradycardia) [10, 12,

Ovarian teratoma
(10-50%, age
dependent)

Other rare tumors:
Testicular germ cell
tumor [1]

Teratoma of the
mediastinum,
small-cell lung
cancer [10]
Hodgkin’s
lymphoma [44]
Neuroblastoma [45]

Also reported in
children less than
one year old
Four times more
frequent among
women

15, 41-43]
Leucine-rich glioma- Seizures (faciobrachial | Thymoma Extracellularly
inactivated 1 (LGI1) dystonic) Small-cell lung secreted LGI1
Myoclonus cancer links two
Memory and cognitive | (only 20% are epilepsy-related
deficits associated with a receptors
Rapid eye movement, | tumor) (ADAM?22 and

sleep behavior
disorders [46—49]
Chorea [50]

ADAM?23) [51]
This syndrome
was previously
attributed to
voltage-gated

potassium
channels [52]
A-amino-3-hydroxy-5- | Limbic encephalitis: Two-thirds of Relapse is
methyl-4- progressive short-term | patients: lung, common
isoxazolepropionic acid | memory deficits, thymoma, breast,
(AMPA) receptor confusion, and ovarian teratoma

seizures
Psychosis with bipolar
features [53]

[53]

Contactin-associated
protein-like 2
(CASPR2)

Encephalitis
Peripheral nerve
hyperexcitability [54]
Morvan syndrome
(neuromyotonia, pain,
hyperhidrosis, weight
loss, severe insomnia,
and hallucinations)
[55]

Lung, thymoma
(<20%)

Can be mistaken
for a motor neuron
disease

(continued)
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Table 8.2 (continued)

Antigens Clinical syndrome Associated tumor Miscellaneous
Gamma-aminobutyric Refractory status Thymoma (rare) [56] | Diffuse fluid-

acid A (GABA-A)
receptor

epilepticus or epilepsia
partialis (reported as
100%) [56]

attenuated
inversion recovery
(FLAIR) and T2
signal
abnormalities [56]

Gamma-aminobutyric
acid B (GABA-B)
receptor

Limbic encephalitis:
progressive short-term
memory deficits,
confusion, and
seizures

Ataxia

Opsoclonus-
myoclonus syndrome
[57]

Small-cell lung
cancer (50%) [57]

IgLONS

Unique non-rapid eye
movement (REM) and
REM parasomnia
Obstructive sleep
apnea

Gait instability
followed by dysarthria,
dysphagia, ataxia, or
chorea [58]

Not paraneoplastic

Pathological
features may
suggest a
tauopathy [58]

Voltage-gated
potassium channel
(VGKC)

Sleep disturbances,
severe insomnia
Limbic encephalitis
Morvan syndrome
Seizure, status
epilepsticus [59, 60]

Thymoma, prostate
adenothymoma,
prostate
adenocarcinoma,
colon
adenocarcinoma, and
melanoma [61]

Sleep disorders are
diagnostic
hallmark [61]

Glycine receptor
(GlyR) al subunit

Progressive
encephalomyelitis
with rigidity and
myoclonus (PERM)
[61]

Atypical stiff-person
syndrome

Seizure

Behavioral changes

[62]

Thymoma (10%)
[63]

Only a few cases
reported

Dipeptidyl-peptidase-
like protein-6 (DDPX)

Agitation, confusion,
myoclonus, tremor,
and seizures [64]
Weight loss,
psychosis, depression,
movement
disturbances [65]

B-cell neoplasms
(10%) [65]

Metabotropic glutamate
receptor 5 (mGIuRS5)

Limbic encephalitis
Headache
Involuntary
movements [66, 67]

Hodgkin’s
lymphoma [66]

Only a few cases
reported
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Table 8.3 Diagnostic criteria for paraneoplastic neurological syndromes

Criteria for definite paraneoplastic neurological syndromes

1. A classical syndrome and cancer that develops within 5 years of the diagnosis of the
neurological disorder

2. A nonclassical syndrome that resolves or significantly improves after cancer treatment
without concomitant immunotherapy, provided that the syndrome is not susceptible to
spontaneous remission

3. A nonclassical syndrome with onconeural antibodies (well characterized or not) and
cancer that develops within 5 years of the diagnosis of the neurological disorder

4. A neurological syndrome (classical or not) with well-characterized onconeural antibodies
(anti-Hu, Yo, CV2, Ri, Ma2, or amphiphysin) and no cancer

Criteria for possible paraneoplastic neurological syndromes

1. A classical syndrome, no onconeural antibodies, no cancer but at high risk to have an
underlying tumor

2. A neurological syndrome (classical or not) with partially characterized onconeural
antibodies and no cancer

3. A nonclassical neurological syndrome, no onconeural antibodies, and cancer present
within 2 years of diagnosis

Table 8.4 Differential diagnosis of autoimmune encephalitis

Viral encephalitis, e.g., human herpesvirus 6 Creutzfeldt-Jakob disease
(HHV-6), human immunodeficiency virus
(HIV), herpes simplex virus (HSV), varicella

zoster virus (VZV)

Primary CNS tumor or metastatic disease

Whipple disease

Ischemic and hemorrhagic cerebrovascular
disease

Wernicke encephalopathy

Psychiatric disorders

Chronic CNS infections with atypical

bacteria, e.g., Treponema pallidum, Listeria,
tuberculosis

Other neuroinflammatory diseases, e.g., lupus
cerebritis, Behcet’s disease, primary angiitis
of the central nervous system (PACNS)

Toxic-metabolic encephalopathy

Multiple sclerosis Nonconvulsive status epilepticus

Rapidly progressive dementia Motor neuron disease

other conditions such as ischemic infarction or tumors. Among patients with enceph-
alitis, signal hyperintensities on fluid-attenuated inversion recovery (FLAIR) and
T2-weighted images can be seen in the mesiotemporal lobe, cortical and subcortical
regions, or brain stem. Contrast enhancement can be variable, and leptomeningeal
enhancement has been reported [70]. The extent of abnormal findings on the MRI is
different for each syndrome. For instance, MRI in GABA-A receptor encephalitis
often shows multifocal and widespread FLAIR and T2 signal abnormalities [56].
Encephalitic syndromes associated with LGI1 and AMPA receptor antibodies also
always cause FLAIR hyperintensity in the mesiotemporal lobe. In a study on 50
patients with paraneoplastic limbic encephalitis, researchers observed that 57% of
patients with MRI studies had signal abnormalities in the limbic system [20]. There
is also a report of cortical ribboning similar to that seen in Creutzfeldt-Jakob disease
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(CJD) among patients with voltage-gated potassium channel (VGKC) autoanti-
body-associated encephalopathy [71]. Brain MRI is often normal or shows transient
FLAIR hyperintensity with or without contrast enhancement in anti-NMDAR
encephalitis [10, 72].

Several autoimmune encephalitis syndromes are associated with seizure or status
epilepticus [59, 60]. Diffuse slowing or epileptiform abnormalities in the temporal lobe
on EEG are the most common findings in patients with encephalitis. EEG is also
important to exclude other etiologies for encephalopathy such as subclinical seizures.

Although CSF examination can be normal especially in the initial phase, a mild
elevation of protein (<100 mg/dL) and lymphocytic pleocytosis or oligoclonal
bands can be an indicator of autoimmune encephalitis [10, 13, 15, 17, 46, 73]. More
than 90% of patients with antibodies against NMDA, AMPA, and GABA-B recep-
tors have pleocytosis or oligoclonal bands on CSF examination [10, 53, 56, 57].
CSF analysis is also essential to exclude other etiologies of encephalopathy includ-
ing infectious and neoplastic causes.

Pertinent antibody testing should be performed in both serum and CSFE. Antibodies
to cell surface/ synaptic proteins can be detected primarily in CSF. In a multiinstitu-
tional observational study, detection of NMDA receptor antibodies was compared in
250 paired serum and CSF samples. It showed that the screening test is significantly
more sensitive in CSF than serum (100% vs. 85%) [39]. A positive serum antibody
testing, when CSF is negative for the antibody, raises the possibility of a false posi-
tive diagnosis. Although many tests for autoimmune encephalitis are commercially
available, a number of autoimmune encephalitis cases can be caused by other, still
unavailable or unknown antibodies. Therefore, a negative test result does not rule
out autoimmune encephalitis.

All patients with autoimmune encephalitis should be screened for the presence
of a tumor. The detected antibody type can also guide the type and extent of screen-
ing. On the other hand, detection of a tumor could also assist in the diagnosis of
paraneoplastic encephalitis variants and guide the antibody screening plan.

Treatment and Outcome

Autoimmune encephalitis is often associated with a favorable outcome after tumor
removal and antineoplastic treatment (if applicable), as well as immunotherapy. In
general, steroids, intravenous immunoglobulin, and plasmapheresis are the first line
of immunotherapy especially when a tumor is detected and treated [9, 39]. Rituximab
and cyclophosphamide comprise the second-line immunotherapy when the first-line
treatment fails. Although seizures must be addressed aggressively during the acute
phase of the disease, patients often do not require long-term antiepileptic
medication.

In a large multiinstitutional observational study, over 500 patients with anti-
NMDA receptor encephalitis were treated and monitored up to 2 years. Out of 501
patients, 94% received first-line immunotherapy (steroids, intravenous immuno-
globulin, plasmapheresis) or tumor removal, resulting in improvement within
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4 weeks in 53% of patients. More than half of patients who failed first-line therapy
received second-line immunotherapy (rituximab, cyclophosphamide), resulting in
better outcome than those who did not. During the first 24 months, almost 80% of
patients reached a good outcome, where relapses occurred in approximately 12% of
the patients. About 6% of patients died [39].

Predictors of poor outcome in anti-NMDA receptor encephalitis are a delay in
diagnosis and treatment, the need for intensive care, high titer of antibody in CSF
and serum, and the presence of teratoma [39, 74]. The overall prognosis for patients
with autoimmune encephalitis is variable. Some patients have a complete recovery,
while others die or develop a permanent neurologic disability.

Summary

Autoimmune encephalitis has different immunologic mechanisms, clinical mani-
festations, and therapeutic outcomes. It can be divided into two categories: antibod-
ies against intracellular antigens or antibodies against neuronal surface/synaptic
antigens. More than half of patients with autoimmune encephalitis present with
symptoms of limbic encephalopathy including memory deficits, altered mental sta-
tus, seizures, and neuropsychiatric syndrome. Patients with the clinical presentation
of encephalitis should have a complete workup including neuroimaging, EEG, lum-
bar puncture, and serologic testing. Other etiologies of encephalitis are more com-
mon and should be excluded. Patients often respond favorably to immunotherapy.
Delay in diagnosis and treatment has been associated with a worse prognosis.
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Neuromyelitis Optica: 9
Immunopathogenesis, Clinical
Manifestations, and Treatments

Shin C. Beh, Teresa C. Frohman, and Elliot M. Frohman

Neuromyelitis optica (NMO) is an autoimmune inflammatory disease of the central
nervous system (CNS), typically characterized by severe recurrent attacks of acute
optic neuritis (AON) and transverse myelitis (TM). The initial description of the
disease we recognize today as NMO was attributed to Eugene Devic (hence the
eponymous term Devic’s disease) and Ferdinand Gault in the nineteenth century,
although numerous antecedent case reports that underscore highly reminiscent fac-
ets of this disorder strongly suggest that Devic and colleagues were not in fact the
first to have codified the highly conspicuous and typically catastrophically disabling
syndrome that characterizes this disorder [1].

Immunopathophysiology

Although initially thought to be a severe variant of multiple sclerosis (MS), the
discovery of complement-fixing antibodies directed against aquaporin-4 (AQP4),
also referred to as NMO-IgG, proved that NMO was a distinct disease entity [2—6].
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AQP4 is the most abundant water channel in the CNS and is predominantly located
on astrocytic foot processes that form the glia limitans of the blood-brain barrier
(BBB), ependyma, and around the synapses at the nodes of Ranvier [7].
Corresponding with the usual distribution of lesions in NMO, AQP4 is concentrated
in the hypothalamus, diencephalon, brainstem (particularly within the floor of the
IV ventricular tegmentum), optic nerves, and spinal cord [8].

The binding of NMO-IgG to the AQP4 epitope results in astrocytic damage via
activation of the classical complement pathway and antibody-dependent, cell-
mediated cytotoxicity [9-11]. As such, NMO can be considered as an autoimmune
astrocytopathy, as opposed to MS, which is now widely recognized as a highly
complex autoimmune disorder of the CNS, and characterized by histopathological
and pathophysiologic heterogeneity, affecting both white and gray matter, and now
considered both a demyelinating and neurodegenerative disorder [12].

Two pathologic subtypes of NMO lesions have been described. The classic NMO
lesion is characterized by confluent and/or focal demyelination, infiltration of
myelin-laden macrophages, severe axonal loss, necrosis of both gray and white mat-
ter in the cord, and pronounced astrocytic loss. The second NMO lesion is charac-
terized by vacuolated myelin in the relative absence of frank demyelination, reactive
astrocytes, microglial activation, limited axonal injury, and variable, typically gran-
ulocytic inflammation [11]. Remyelination is sometimes present at the edge of
NMO lesions. Interestingly, peripheral Schwann cells have been observed to enter
the spinal cord to drive remyelination; this observation provides further evidence of
astrocytic dysfunction in NMO, since astrocytes normally prevent Schwann cells
from entering the CNS [11].

B-cell dysregulation lies at the immunoetiopathological center of NMO, as evi-
denced by increased levels of circulating plasmablasts and intrathecal B-cells
expressing NMO-IgG antibodies during NMO attacks [13, 14], as well as the effi-
cacy of rituximab in treating the disease (further discussed later). Plasmablasts, the
likely precursor of NMO-IgG producing plasma cells, rely on interleukin-6 (IL-6)
for survival [13]. Other B-cell cytokines that play an important role in NMO include
IL-5, IL-17, nitric oxide, tumor necrosis factor-alpha (TNF-alpha), a proliferation-
inducing ligand (APRIL), and B-cell-activating factor (BAFF) [15]. Interestingly,
suppressive B-cell activity may also be impaired in NMO, as evidenced by lower
IL-10 and IL-35 levels [15].

There is also evidence that T-cell dysfunction contributes to the immunopatho-
genesis of the disease. Peripheral AQP4-specific T-cells are needed to drive the
production of NMO-IgG from B-cells [16]. Increased circulating Th1l and Th17
subsets have also been observed in NMO [16]. While T-cells most likely play an
important pathogenic role in NMO, their precise significance in initiating and accel-
erating the disease is unclear.

Eosinophils have also been implicated in NMO immunopathogenesis. In the
bone marrow, eosinophils are the main source of APRIL and IL-6. Eosinophil infil-
tration of the CNS may help support plasma cell survival and NMO-IgG production
within NMO lesions. The role of eosinophils in NMO may also explain why two
MS disease-modifying agents have been observed to exacerbate NMO disease
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activity — fingolimod (which promotes retention of eosinophils in the bone marrow)
and natalizumab (which increases the levels of circulating eosinophils) [15].

Clinical Features

The incidence of NMO is highest during the third to fourth decade of life, with a
very strong female preponderance. Interestingly, the female/male ratio is 1:1 in
monophasic NMO (no evidence of recurrence within 3 years of the index events of
bilateral AON and TM), but 5:1 in the relapsing form of NMO. Compared to MS,
which has a predilection for Caucasian patients, NMO appears to affect all racial
groups [17-23]. On average, NMO patients are 10 years older than MS patients,
with a median age of onset of 39 years [23, 24].

Various autoimmune diseases often coexist with NMO, the most common of
which are systemic lupus erythematosus (SLE), autoimmune thyroid disease, and
Sjogren’s syndrome (SS) [23]. The frequency of concomitant autoimmune disease
ranges from 10 to 40% [23]. Since patients with NMO may experience symptoms
of a concomitant systemic autoimmune disease (e.g., sicca symptoms, rash, alope-
cia, photosensitive rash, arthritis), the presence of such symptoms does not militate
against, but, in fact, supports the diagnostic suspicion of NMO. Furthermore, it is
important to note that CNS complications of systemic autoimmune diseases are
infrequent (e.g., seizures and psychosis in SLE). Therefore, in patients with typical
neurologic manifestations of NMO, and who exhibit NMO-IgG seropositive, the
“working” diagnosis of NMO can be confirmed expeditiously, with a high degree of
confidence, and most particularly in the patient with a second, concomitant autoim-
mune disease. In such circumstances, moving rapidly (after achieving full control of
the acute inflammatory “ictus”) to implement an appropriate disease-modifying
strategy is strongly encouraged (“‘time is tissue”).

Severe AON or recurrent isolated AON should raise suspicion for NMO, particu-
larly in the absence of brain MRI lesions typical of MS [23]. MS-related AON typi-
cally causes central visual blurring associated with impaired color vision
(dyschromatopsia), retrobulbar pain that is exacerbated by eye movement, phos-
phenes, and visual deterioration with heat exposure (Uhthoff’s phenomenon) [25,
26]. Bilateral simultaneous AON is exceedingly rare in MS and is strongly sugges-
tive of NMO; conversely, unilateral AON is less common with (but does not rule
out) NMO [27-29]. NMO-associated AON also typically results in more severe
visual loss with a poor prognosis for recovery, compared to MS [25, 30, 31]. In fact,
at 5 years from disease onset, 41% of NMO patients will suffer monocular or bin-
ocular blindness [29].

In MS, acute TM typically results in sensory manifestations [32, 33]. Acute TM
in NMO commonly culminates in more devastating neurologic deficits, including
paralysis, sensory loss, and bladder and bowel involvement below the level of the
lesion [32]. Furthermore, the MRI often reveals longitudinally extensive TM
(LETM) in NMO that involves most of the axial thickness of the spinal cord, in
contradistinction to the longitudinally limited lesions in MS that only affect part of
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the spinal cord (typically the dorsal columns) [32]. The spinal cord MRI character-
istics of NMO are discussed later. Lhermitte’s phenomenon and paroxysmal tonic
spasms are common manifestations of NMO and, interestingly, portend a relapsing
rather than monophasic course of the disease [23, 34]. Radicular pain is also much
more common in NMO compared to MS [35].

Intractable vomiting or hiccups (resulting from medullary lesions affecting the
area postrema and nucleus tractus solitarius) are a common brainstem syndrome of
NMO, affecting about 20% of patients [36, 37]. About 17% of NMO patients have
been reported to suffer from persistent hiccups [36]. In our experience, this so-
called area postrema syndrome often compels referrals to the gastroenterology ser-
vice and is often mistakenly diagnosed as gastroparesis, despite unremarkable
gastric emptying studies.

A far more ominous and potentially lethal manifestation of medullary involve-
ment in NMO is neurogenic respiratory failure [34]; respiratory failure is distinctly
rare in MS and almost always occurs in the setting of advanced MS with severe
disability rather than in the acute or early phases of the disease [23].

Various brainstem ocular motor abnormalities (including upbeat nystagmus,
downbeat nystagmus, vestibular nystagmus, and opsoclonus-myoclonus syndrome)
have been reported in NMO; consistent with a brainstem localization, these patients
also experienced concomitant pyramidal tract dysfunction as well as other cranial
neuropathies [38]. Sensorineural hearing loss has also been reported in NMO, most
probably due to brainstem involvement [39].

Diencephalic lesions can often lead to manifestations like the syndrome of inap-
propriate antidiuretic hormone secretion (SIADH), narcolepsy, thermodysregula-
tion, anorexia or other eating disorders [8, 40—43]. In contradistinction, such lesions
in MS are infrequent [44].

NMO may also cause other manifestations, albeit rarely. Myopathy with elevated
creatine kinase levels and muscle pain and nonspecific fatigue have been reported
[45, 46]. Encephalopathy (which may be part of the posterior reversible encepha-
lopathy syndrome [PRES]) has also been described in the disease [23, 47].

Investigations

An MRI of the spinal cord and brain is mandatory in any patient presenting with
suspected NMO. The location and length of the spinal cord lesion on MRI can pro-
vide vital clues about the diagnosis. Based on clinical and radiologic data, trans-
verse myelitis can be categorized as longitudinally limited or longitudinally
extensive [32]. Longitudinally limited partial TM with purely or predominantly sen-
sory manifestations is more typical of MS [32]. In MS, the lesions often affect the
cervicothoracic spinal cord and are typically located in the posterolateral or lateral
portions of the spinal cord on axial sections [32]. On the other hand, LETM (which
refers to a contiguous lesion that extends over three or more vertebral segments and
involves more than two-thirds of the spinal cord thickness on axial sections) is dis-
tinctly rare in MS and strongly indicates NMO [32]. Furthermore, T1 hypointensity
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of the central gray of the spinal cord is more suggestive of NMO [48, 49].
Lumbosacral myeloradiculitis has also been described in NMO [50].

A brain MR is critical to differentiate MS from NMO and is part of the support-
ive criteria for the diagnosis of NMO (discussed later). The presence of lesions typi-
cal of MS would argue against, but not completely exclude, the diagnosis of
NMO. Brain lesions occur in 60% of patients of NMO and may affect areas typical
for the disease (discussed above), appear nonspecific, or, in rare cases, mimic MS
lesions [8]. However, the presence of any lesion adjacent to the lateral ventricle and
inferior temporal lobe, a subcortical U-fiber lesion, or a lesion reminiscent of a
Dawson’s finger could distinguish MS from NMO with 92% sensitivity and 96%
specificity [51]. Diencephalic lesions are distinctly rare in MS and, if present, are
more indicative of the diagnosis of NMO [8]. MRI changes suggestive of PRES
have also been observed in NMO patients, although it is unclear if PRES was the
result of NMO or a complication of therapy [47]. Kim et al. [52] described five
categories of brain MRI lesions in NMO patients: (1) corticospinal tract lesions that
were often related to LETM and likely represent Wallerian degeneration; (2) exten-
sive, tumefactive, hemispheric white matter lesions with vasogenic edema; (3) peri-
ependymal lesions surrounding the cerebral aqueduct, third ventricle, or fourth
ventricle; (4) periependymal lesions surrounding the lateral ventricles; and (5) med-
ullary lesions, which were often contiguous with cervical cord lesions.

In patients with suspected AON, it is important to obtain an MRI of the orbits
with and without gadolinium. Compared to MS, NMO-related AON often results in
abnormal signal and gadolinium enhancement extending to the posterior portions of
the optic nerves and even involves the optic chiasm (which some have termed this
more extensive distribution along the anterior visual axis “longitudinally extensive
optic neuritis”) [53, 54].

NMO-IgG remains the most specific serologic marker of NMO and is one of the
supportive criteria in the revised 2006 NMO diagnostic criteria [55]. Improved lab-
oratory techniques have enhanced the sensitivity of NMO-IgG detection. NMO-IgG
can be detected in almost three-quarters of recurrent NMO and predicts higher
relapse rates [2, 56]. However, NMO-IgG titers are not reliable indicators of disease
activity or prognosis [57].

Approximately 20-30% of patients who meet the criteria for NMO are NMO-
IgG seronegative [57]. Antibodies against myelin oligodendrocyte glycoprotein
(MOG-IgG) have been identified in a subset of NMO-IgG seronegative patients
with NMO [58, 59]. MOG-IgG seropositivity has been strongly associated with
bilateral relapsing AON, as well as simultaneous and sequential AON and TM [60,
61]. Interestingly, MOG-IgG seropositive AON is typically associated with
corticosteroid-responsive papillitis on fundoscopic examination [60], a clinical
finding that is distinctly atypical in MS-related AON.

NMO is often associated with organ-specific and nonspecific autoantibodies
(e.g., antinuclear antibodies, SS-A, SS-B, ribonucleoprotein antibodies), often in
the absence of corresponding disease [34, 62, 63]. The presence of autoantibodies

does not militate against, but rather strengthens the evidence for a diagnosis of
NMO.
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Cerebrospinal fluid (CSF) should be obtained when evaluating a patient for pos-
sible NMO. CSF pleocytosis (>50 WBC/mm?®) may occur in NMO, particularly
during an acute attack [34]; when present, a neutrophilic (>5 neutrophils/mm?) and
eosinophilic preponderance is usually detected [34]. CSF oligoclonal bands are
infrequent in NMO (20-30%) [17, 24, 34, 55] and may only be detected during
attacks [63] but are present in 85-90% of patients with MS [32]. In fact, in patients
with TM and normal brain MRIs, the presence of CSF oligoclonal bands and an
increased IgG index portend a higher risk of developing MS [32]. Other promising
potential CSF biomarkers of NMO include glial fibrillary acidic protein (a marker
of astrocytic destruction) [64] and IL-6 levels [13, 65, 66].

Diagnosis and Prognosis

The diagnosis of NMO can be made with confidence if patient’s clinical, radiologic,
and/or serologic findings meet the revised 2006 NMO diagnostic criteria (Box 9.1).

Box 9.1 The Revised 2006 Criteria for the Diagnosis of NMO [55]
1. Acute transverse myelitis
2. Acute optic neuritis
3. Atleast two of the following supportive criteria:
(a) Longitudinally extensive transverse myelitis (contiguous MRI spinal
cord lesion spanning at least three vertebral segments)
(b) Brain MRI not meeting the McDonald criteria for the diagnosis of
multiple sclerosis
(c) NMO-IgG seropositivity

Diagnostic confusion may arise in patients who only manifest only limited forms
of the disease, like isolated recurrent AON, TM, and diencephalic or brainstem
syndromes; the term NMO spectrum disorder (NMOSD) has been applied to this
subset of patients if they are seropositive for NMO-IgG [24].

However, under recently proposed guidelines (Box 9.2) [67], NMO would be
subsumed into the single descriptive term NMOSD since the clinical behavior,
immunopathogenesis, and treatment of patients with NMOSD and NMO are not
demonstrably different. The new criteria allow the diagnosis of NMOSD to be made
if the patient has at least one of six core clinical characteristics and are NMO-IgG
seropositive. In those who are NMO-IgG seronegative, the diagnosis of NMOSD
can be made if they meet a specific set of clinical (at least two core clinical charac-
teristics, with at least one of these being AON, TM, or an area postrema syndrome)
and MRI criteria. Furthermore, these guidelines strongly recommended that cell-
based serum assays (quantitative fluorescence-activated cell-sorting assay [FACS])
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be used to test for NMO-IgG, given the best current sensitivity and specificity of this
method, compared to indirect immunofluorescence assays and enzyme-linked
immunosorbent assays (ELISAs) [67].

Box 9.2 2015 NMO Spectrum Disorder (NMOSD) Diagnostic Criteria [67]
For NMO-1gG seropositive patients:

1. Atleast one core clinical characteristic
2. Alternate diagnoses excluded
For NMO-1gG seronegative patients:
At least two core clinical characteristics and meets all the following
requirements:
1. At least one core clinical characteristic must be optic neuritis, LETM, or
area postrema syndrome.
2. Dissemination in space (i.e., at least two core clinical characteristics).
3. Fulfillment of all MRI criteria (see below).
4. Alternate diagnoses excluded
Core clinical characteristics:
1. Acute optic neuritis
2. Acute myelitis
3. Area postrema syndrome
4. Acute brainstem syndrome
5. Symptomatic narcolepsy or acute diencephalic syndrome with NMOSD-
typical diencephalic MRI lesions
6. Symptomatic cerebral syndrome with NMOSD-typical MRI lesions
MRI criteria for NMOSD in NMO-1gG seronegative patients:
1. Acute optic neuritis:
(a) Normal or nonspecific brain MRI white matter lesions
(b) Longitudinally extensive optic neuritis (i.e., abnormal T2 signal or
gadolinium enhancement extending over half the optic nerve length or
involves the chiasm)
2. Acute myelitis:
(a) Longitudinally extensive transverse myelitis
(b) Focal spinal atrophy extending over at least three contiguous vertebral
segments in patients with a history consistent with myelitis
3. Area postrema syndrome: dorsal medullary lesion in the region of the area
postrema
4. Acute brainstem syndrome: periependymal brainstem lesions
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The outcome of NMO attacks is generally poor; only 21.6% of attacks show full
clinical recovery, and 6% do not improve at all [68]. The presence of TM or bilateral
AON tends to predict an unfavorable outcome; on the other hand, the absence of
TM, as well as isolated unilateral AON, predicts a favorable outcome [68]. Following
the initial attack, NMO can remit permanently (monophasic) or pursue a relapsing
course [34]. The majority of NMO cases (approximately 90%) follow a relapsing
course [23, 55, 67]. Near simultaneous bilateral AON and TM tend to favor mono-
phasic disease; on the other hand, AON and TM attacks separated by weeks or
months are more indicative of relapsing disease [23]. However, it is important to
note that NMO can follow an unpredictable course, and mistakenly declaring the
disease as “monophasic” could result in devastating consequences. As such, we
strongly recommend that all patients with NMO/NMOSD be managed with immu-
notherapy aimed at curtailing future attacks (discussed below).

Treatment

Acute attacks of NMO can be treated with high-dose corticosteroid therapy (intra-
venous methylprednisolone 1000 mg daily for five consecutive days) [68, 69]. A
recent study showed that only 17% of NMO relapses completely resolve following
high-dose corticosteroid therapy; the majority of attacks demonstrate partial
response (65.4%) [68], thereby suggesting that we once again emphasize the emerg-
ing adage that “time is tissue,” and as such, the concomitant employment of cortico-
steroids and other treatment modalities, as close to the inception of the “ictus” as
possible, likely has the best chance to accelerate recovery.

With respect to combining corticosteroids with other treatment strategies ger-
mane to both limiting the magnitude of tissue injury and the corresponding compro-
mise in the patient’s neurologic repertoire of capabilities. Another principal
objective for the application of combination regimens is the prospect that particular
measures may be effective in also accelerating the process of attenuating mecha-
nisms that foment further inflammation, the vasogenic edematous burden within
CNS tissue compartments that are inherently at greater risk of permanent damage
and disorganization of their complex tissue architecture, at least in part, by virtue of
their conspicuously limited compliance characteristics (i.e., small, perhaps even
negligible changes in augmented tissue edema can result in escalation in compart-
ment pressure, thereby resulting in altered flow characteristics with respect to fluid
clearance and water homeostasis, both intracellularly as well as extracellularly).

Perhaps the neuroradiologic features of greatest conspicuity are those that also
carry important prognostic ramifications, most specifically as they relate to the bur-
den of residual physical disability, as a derivative of NMO-associated syndromes.
Specifically, the longitudinally extensive spinal cord distribution of neuropathology
associated with NMO reflects, in part, the movement of tissue water, both along and
across tissue barriers.

As vasogenic edematous processes continue unabated, there is a dangerous and
rapidly converging phenomenon that brings the expansion of spinal cord tissue
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water on a “collision course” with autoregulatory mechanisms that maintain ade-
quate blood perfusion both across the transverse and caudal-rostral extent of the
spinal axis.

Without rapid intervention to control the expansion of the vasogenic edema bur-
den, the dynamic range of such compensatory responses is exceeded, with the
potentially catastrophic consequence of embarrassed blood flow dynamics, includ-
ing the failure of the circumferentially organized vascular arborization of the well-
recognized vasocorona (which represents a final common vascular pathway for
collateralizing ischemic changes across the transverse and longitudinal spinal axis).

Plasmapheresis (typically five full volume exchanges) has been shown to be an
effective treatment for NMO relapses (as a first-line treatment or in treating steroid-
refractory patients) [34, 70-76]. Since NMO is a humoral complement-mediated
astrocytopathy, plasmapheresis is hypothesized to ameliorate attacks by removing
pathogenic antibodies, activated complement, and cytokines from the circulation.
Escalating therapy with plasmapheresis has been shown to significantly improve
remission in corticosteroid-refractory patients [68]. In fact, early plasmapheresis
has been shown to produce a better clinical outcome [34, 75]; in NMO patients with
TM, early plasmapheresis is critical since TM is associated with a poor outcome
[68]. In a small cohort of ten patients, intravenous immunoglobulin was shown to be
beneficial in treating those who failed to stabilize with corticosteroids with or with-
out plasmapheresis [77].

Once the acute attack of NMO has been stabilized, immunotherapy aimed at
preventing further attacks should be instituted as soon as possible, since NMO
relapses are potentially devastating. The importance of distinguishing MS from
NMO is underscored by the fact that disease-modifying agents employed in MS,
like interferon-beta, natalizumab, and fingolimod, are not only ineffective in NMO,
but have been shown to aggravate NMO disease activity [78-81].

In MS, over time, the vast majority of patients will eventually transition from a
predominantly relapsing-remitting course of both clinical and radiographic exacerba-
tions, into the more insidious, often even imperceptible, recalcitrant, and, until
recently, treatment-resistant phase of disease progression, the highly stereotyped sig-
nature of irreversible compromise (or even complete abolishment) of critical func-
tional neurologic capabilities. In contradistinction, NMO has not been associated with
a similar “progressive” course, but rather, the exacerbations themselves represent the
principal corpus of activities, and the incomplete recovery from them, that drive the
accrual of disability [23]. The rapid identification of the NMO clinical syndromes,
followed by the expeditious employment of intensive and often combination therapy,
is in keeping with accelerated cessation of the attack and its associated mechanisms.
Without equivocation, immunosuppressive therapy to reduce humoral immune activ-
ity constitutes the mainstay for NMO disease-modifying treatment.

Azathioprine (AZA) was the first agent shown to be effective in preventing
attacks and is typically used at doses of 2-3 mg/kg/day, often in combination with
oral prednisone (1 mg/kg/day) [23, 82]. Potential adverse effects of AZA include
transaminitis, leukopenia, gastrointestinal upset, recurrent infections, myelosup-
pression, and increased risk of lymphoma [82—85]. Although successful in reducing
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relapses, the majority of patients are unable to tolerate this regime; furthermore,
many relapse when prednisone is tapered below 5-15 mg/day [69, 82]. In such
cases, it would be better to consider alternative therapy to avoid the complications
of chronic corticosteroid use. It is also important to remember that AZA should be
avoided in patients with low thiopurine methyltransferase activity since this popula-
tion is at risk of myelotoxicity [86].

In a retrospective study of 24 NMO patients, treatment with mycophenolate
mofetil (MMF) has been shown to reduce relapses and stabilize the disease course
[87]. A median dose of 2000 mg/day was used [87]. In our experience, MMF is a
useful oral immunosuppressive agent to control disease activity in NMO and is far
better tolerated than AZA. Potential adverse effects of MMF include gastrointesti-
nal upset, photosensitivity, recurrent infections, and myelosuppression [83]. We
recommend checking blood counts, renal function, and liver function every 3 months
in patients on MMF to monitor for these potential adverse reactions.

Rituximab, a chimeric anti-CD20 monoclonal antibody that depletes B-cell and
plasmablast levels, has been shown to be very effective in treating NMO [83, 88—
94], underscoring the role of B-cell dysregulation in NMO etiopathogenesis.
Rituximab is well tolerated; typical adverse reactions are infusion related (fever,
chills, rash, angioedema, bronchospasm, and hypotension) and, infrequently, car-
diac arrhythmias [23]. One important safety consideration before commencing
rituximab therapy is to test for hepatitis B and C since rituximab has been associated
with reactivation of these diseases [95-97].

While the precise rituximab-dosing interval in NMO is not clear, our center mon-
itors monthly CD19 cell counts, and when cell counts begin to recover (i.e., when
the percent of CD19 cells approaches 1%), we initiate re-treatment. While ritux-
imab is an antibody against CD20 localized upon pre-B-cells, we employ the
monthly surveillance strategy of specifically ascertaining when the CD19+ fraction
is returning and approaching 1-2% [92]. The rationale for emphasizing the utiliza-
tion of the CD19+ fraction of B-cells is related to the observation that this cell sur-
face antigen is expressed earlier and persists later than CD20. As such, our
surveillance strategy has allowed us to “bracket” our treatment in order to avoid
“being late” in the re-treatment with the disease-modifying agent for NMO and to
thereby avoid additional exacerbations.

It is important to underscore that beyond the 1-2% circulating composition of
the CD19 fraction, the reconstitution curve (for CD19+ cells) becomes sigmoidal
and thereby reflects the accelerated return of the B-cell fraction, along with the
propensity to develop new exacerbations. Our group has investigated the role of
rituximab dose magnitude and the duration of CD19 suppression. In essence, a
100 mg dose of rituximab administered intravenously is associated with a mean
reduction (i.e., below 1%) of about 3 months, whereas a 1000 mg dose may sup-
press the CD19 fraction for about 9-12 months [92]. The next generation of anti-
CD20 monoclonal antibodies (ocrelizumab and ofatumumab) is currently being
studied in MS [98] and would also be potentially useful for treating NMO.

Mitoxantrone, which is approved for the treatment of MS, is also effective in
NMO, but carries significant safety risks (including cardiotoxicity and



9 Neuromyelitis Optica: Immunopathogenesis, Clinical Manifestations 197

hematogenous malignancies) [90, 99-101]. Cyclophosphamide is somewhat effec-
tive but is poorly tolerated, carcinogenic, and gonadotoxic [83, 102, 103]. Other
therapies that have been described in small cohort of NMO patients include oral
methotrexate [104], low-dose periodic oral corticosteroids [105], cyclosporine in
combination with oral corticosteroids [106], preventive plasmapheresis [107, 108],
and glatiramer acetate with [109] or without [110] intermittent corticosteroid pulses.

Novel therapeutic strategies that are being explored include eculizumab (a mono-
clonal antibody that inhibits complement protein C5) [111], aquaporumab (a non-
pathogenic monoclonal antibody that competitively inhibits NMO-IgG) [112], and
tocilizumab (anti-IL-6 receptor monoclonal antibody which prevented NMO
relapses and controlled the neurogenic pain of the disease) [113].

Conclusion

NMO is a humoral autoimmune disease characterized by antibody- and
complement-mediated astrocytic destruction. Classic manifestations of NMO/
NMOSD include severe AON, LETM, and the area postrema syndrome.
Serologic testing for NMO-IgG (using the most sensitive and specific methods,
i.e., cell-based assays) should always be considered in patients with such symp-
toms, especially in those without brain MRI lesions that are typical for MS. The
vast majority of NMO patients pursue a relapsing course, and as such, immuno-
therapy to prevent future attacks should be instituted in every NMO patient as
soon as possible to avert potentially devastating (or even lethal) relapses.

Disclosures The authors have no relevant financial disclosures.
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Immunopathogenesis and Treatment 1 0
of Guillain-Barre Syndrome and Chronic
Inflammatory Demyelinating

Polyneuropathy

Elena Grebenciucova and Kourosh Rezania

Guillain-Barre Syndrome (GBS)

GBS represents a spectrum of polyneuropathies, which arise from immune-mediated
attack on different myelin or axonal antigens of peripheral and/or cranial nerves.
GBS is the most common cause of flaccid paralysis worldwide after the elimination
of poliomyelitis [1]. GBS encompasses a spectrum of diseases (i.e., subtypes) with
varied clinical manifestations, reflective of the target antigen of autoimmune attack
(myelin vs. axon) as well as the location of immunopathology within the peripheral
nervous system (nerve roots, plexi, distal nerves, cranial nerves). Besides the auto-
immune etiology, the GBS subtypes share the acute to subacute onset and albu-
minocytological dissociation in the CSF.

Subtypes of GBS have been defined based on the clinical manifestations, neuro-
physiological features, and presence of different antibodies to neural glycolipid
components. Acute inflammatory demyelinating polyneuropathy (AIDP) consti-
tutes the typical primarily demyelinating form of the disease. AIDP is the most
common subtype of GBS in Europe and North America and is typically character-
ized by acute onset of flaccid, hypo-, or areflexic paralysis [1, 2]. The clinical course
consists of progressive weakness within hours to days and maximum weakness and
disability within 4 weeks. Muscle weakness (including proximal limb and respira-
tory) usually dominates the clinical presentation. However, sensory symptoms, usu-
ally a distal paresthesia, very often allow distinguishing AIDP from some of its
mimics such as myasthenia gravis and botulism. Dysautonomia is prevalent in
AIDP and is one of its life-threatening manifestations. A less common, atypical
presentation, which is encountered in 8% of the patients, is paraparesis without arm
weakness. [3] Patients with paraparetic GBS, however, usually have sensory symp-
toms and areflexia, as well as abnormal conduction studies in the upper
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extremities [3]. Acute motor axonal neuropathy (AMAN) is the second most com-
mon form of GBS in North America and Europe, accounting for 6-78% of the
cases, and the most common in China and Bangladesh [4]. AMAN patients have a
purely motor picture (positive sensory symptoms in only 10% of patients). In con-
trast to AIDP, dysautonomia and cranial nerve involvement are rare, and deep ten-
don reflexes are often normal to brisk in AMAN [4]. AMAN is also associated with
a more rapid progression early in the course, with earlier peak than AIDP (11.5 vs.
18 days) [5]. Acute motor and sensory axonal neuropathy is the third GBS subtype
which has sensory involvement (in contrast to AMAN) and is characterized by less
favorable recovery because of axonal degeneration. Miller Fisher syndrome (MFS),
the fourth major subtype of GBS, accounts for 5-12% of the GBS cases [6]. MFS
typically presents with a triad of ophthalmoparesis, ataxia, and areflexia, and the
patients generally do not develop significant weakness or respiratory impairment
and have a good prognosis. MFS by itself has different clinical subtypes: acute
ataxic neuropathy (without ophthalmoplegia), acute ophthalmoparesis (without
ataxia), and a variant with CNS symptoms such as hypersomnolence (Bickerstaft’s
encephalitis) [1]. Yet another less common, local subtypes of MFS include
pharyngeal-cervical-brachial variant, which is characterized by rapidly progressive
weakness of oropharyngeal, cervical, and upper extremity muscles accompanied by
areflexia of the upper extremities [7].

Examination of cerebrospinal fluid (CSF) demonstrates albuminocytological
dissociation in all the variants of GBS. Another useful diagnostic test is nerve con-
duction study and abnormal nerve conduction study, which demonstrates segmental
demyelination in AIDP and axonal neuropathy in AMAN, AMSAN, and MFS and
its variants [8]. It should be noted that conduction block, which is characteristic for
AMAN, is secondary to functional blockage of axonal salutatory conduction and
not secondary to segmental demyelination, leading to the recommendation that at
least two sets of nerve conduction studies over time to differentiate AIDP from
AMAN [9].

Pathology

AIDP is characterized by lymphocytic (mainly T cell) and macrophage infiltration
and associated segmental demyelination, which affect nerve roots, plexi, and proxi-
mal portions of the nerves, which are more myelinated [10, 11]. Complement acti-
vation has been suggested to play an early role, as deposition of complement
activation marker C3d and terminal complement complex C5b-9 on the surface of
Schwann cells and myelin degeneration were shown to precede macrophage infiltra-
tion in patients who succumbed in early stage of AIDP [12].

On the other hand, postmortem findings in AMAN subtype may show Wallerian
degeneration of the motor axons; presence of macrophages within the periaxonal
space, which surround or displace the axons; and intact myelin sheath [13]. Some of
the AMAN patients with fatal paralysis have had minimal axonal degeneration in
the postmortem study consistent with functional impairment of axonal electrical



10 Immunopathogenesis and Treatment of GBS and CIDP 205

conduction in these cases [13]. Axonal degeneration of the motor and sensory
nerves is the hallmark of the neuropathology in AMSAN [13]. Because of the
benign clinical course of MFS, the pathological studies are limited. Although seg-
mental demyelination is reported in a patient with MFS [14], the patient more likely
had AIDP and associated ophthalmoplegia.

Immunopathogenesis

About two thirds of GBS cases occur after a respiratory or gastrointestinal infection,
and the pathogen can be identified in about half of these cases [15]. Some of the
more common preceding infections include C. jejuni cytomegalovirus, Epstein-Barr
virus, Mycoplasma pneumonia, Hemophilus influenza, influenza A, and hepatitis E
virus [2]. The best explanation for the association of GBS and aforementioned
infections is molecular mimicry between the components of pathogens and axonal
or myelin structures. C. jejuni is the most common antecedent infection in GBS,
ranging from 26 to 65% of the cases depending on the geographic location [4].
Patients with AMAN after C. jejuni infection have high titers of antibodies to GM1
and GDla, which is the result of cross-reactivity between lipo-oligosaccharides
from the bacterial wall of C. jejuni and respective gangliosides of the motor nerve
axons [16, 17]. On the other hand, lipo-oligosaccharides that mimic the carbohy-
drate moiety of peripheral nerve gangliosides are expressed in only a subset of C.
Jjejuni strains, Penner D: 19 serogroup, as it is different from other serotypes in
containing genes for enzymes involved in synthesis of sialic acids which result in
molecular mimicry with gangliosides GM1, GD1a ND GD1B [1]. As a result, GBS
is a relatively rare outcome of these infections: e.g., only one out of 5000 C. pylori
gastroenteritis results in GBS [18]. Whether C. jejuni infection is a cause of AIDP
is a matter of controversy. A previous study showed that only 5 of 22 (23%) of
patients with GBS post C. jejuni infection had AIDP, but when they were followed
by repeated nerve conduction studies, all of those who had prolonged motor distal
latencies normalized in less than 2 weeks suggestive for impaired axonal conductiv-
ity (seen in AMAN) rather than segmental demyelination seen in AIDP, which is
associated with more slowing of the nerve conduction study in the same time period
during remyelination [19]. A neuropathy characterized by severe axonal degenera-
tion and seropositivity for IgG or IgM GM1 antibodies has also been reported in
patients who received ganglioside injections for chronic pain [20]. IgG antibodies
against GQ1b and GD1a are detected in more than 90% of patients with MES [21—
23], as well as patients with AIDP who have ophthalmoplegia. As about half of
patients with pharyngeal-cervical-brachial variants are seropositive for IgG anti-
GTla antibodies which cross-reacts with GQ1b, it is considered to be in the broad
spectrum of MFS [7].

Differences in anatomical expression of gangliosides explain the diverse pheno-
typic manifestations of GBS variants. GM1 is suggested to be expressed more in the
motor than sensory nerve roots, therefore providing possible explanation for motor
involvement of AMAN [23]. On the other hand, GM1/GD]1a is also present in the
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sensory nerves [24]. The predominant or pure motor involvement could be the result
of specificity of autoantibodies for epitopes of these gangliosides that are only pres-
ent in the motor axons. Furthermore, nodes of Ranvier of the distal, intramuscular
portion of the motor axons are suggested to be particularly susceptible to comple-
ment activation by antibodies to GD1a [25]. The blood-nerve barrier is more perme-
able in the unmyelinated distal branches of the motor nerves and the nerve roots,
making these parts of the peripheral nerves more vulnerable to circulating factors
such as autoantibodies and complement [26, 27]. Ophthalmoplegia and areflexia in
MES which is associated with antibodies directed to GQ1b are explained by high
expression of GQ1b in the oculomotor nerves and muscle spindles [23].

The autoantigen involved in AIDP is so far unknown, and most of the AIDP
patients are not seropositive for antiganglioside antibodies. Some of the putative
antigens include proteins which are expressed at the nodes of Ranvier (neurofascin
186, gliomedin, sodium channels, ankyrin, and spectrin) and at the paranode (neu-
rofascin 155, contactin/Caspr 1, and connexins Cx31.3, Cx3232) [23].

A recently identified molecular target is moesin in patients with CMV infection
as antibodies against moesin were present in most of AIDP cases after CM'V but not
with other GBS patients or other neurological disease controls [28]. Moesin is
expressed in the microvilli of the Schwann cells and has been proposed to have a
critical role in myelination [29].

There is also evidence for involvement of T cells in the pathogenesis of GBS,
based on: (1) T cell infiltration is present in experimental allergic neuritis (EAN)
which is considered as an animal model of GBS. (2) There is increased frequency of
Th1 and Th17 levels in the blood and of T cell-related cytokines (IFN gamma, IL-17,
and IL-22) in the cerebrospinal fluid of GBS patients [30-32]. (3) Reduced number
and abnormal function of CD4*Foxp3* (T,) cells, which have a critical role in
immune homeostasis, have been demonstrated in the blood of GBS patients [32, 33].

Animal Models

Experimental allergic neuritis (EAN) has been considered as an animal model for
human GBS. EAN is usually (but not always) a monophasic illness, which is induced
by vaccination of rats, mice, rabbits, and guinea pigs with peripheral nerve homog-
enate or different myelin proteins such as PO, PMP 22, and P2 [34-37]. It presents
with weakness and ataxia after a period of about 2 weeks after the vaccination.
Perivascular T cell infiltration is noted 2-3 days before the onset of demyelination
and paralysis [36, 37]. T cell infiltration results in activation of monocytes to tissue
macrophages, which subsequently strip myelin and cause axonal injury by secreting
cytokines such as tumor necrosis factor alpha. B cells also play a role in the patho-
genesis of EAN, and autoantibodies against the myelin play a synergistic role in
causing demyelination, after the blood-nerve barrier has become more permeable
because of T cell activation and subsequent infiltration of macrophages [38].
Although the target antigen in EAN remains to be elusive, neurofascin 186 and glio-
medin, which are involved in clustering of voltage-gated Na channels at the nodes of
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Ranvier, have been suggested as potential antigenic targets [39, 40]. In the EAN
model induced by vaccination with peripheral myelin in rat, antibodies to neurofas-
cin and gliomedin cause dismantling of nodal organization and Na channel clusters,
therefore leading to conduction block prior to onset of demyelination [39, 40].

B cell immunity, particularly autoantibodies to gangliosides, appears to have a
primary role in the pathogenesis of GBS variants. Immunization of Japanese white
rabbits with a bovine brain ganglioside mixture or isolated GM1 results in an
AMAN phenotype: acute monophasic flaccid paralysis, seropositivity for anti-GM 1
antibodies, axonal degeneration, IgG deposits at the nodes of Ranvier and lympho-
cytic infiltration in the periaxonal space, and lack of segmental demyelination [41,
42]. On the other hand, GQ1b and GD1a antibodies cause conduction block at the
motor nerve terminals in a mouse model [25].

Treatment of GBS

Treatment of GBS consists of supportive treatment as well as immunotherapy in
more severe cases. Supportive care is better provided in an intensive care unit in the
progressive phase of the disease.

Supportive Treatment

1. Respiratory care

Respiratory failure is one of the most serious short-term complications of
GBS. About 25% of patients with GBS who are unable to walk and 30-50% of
patients who are admitted to ICU undergo intubation and mechanical ventilation
[43]. The need for mechanical ventilation should be anticipated in GBS when
there is rapidly progressive course as manifested by time to peak disability less
than 7 days, time from the onset of symptoms to hospitalization less than 7 days,
and presence of more than 30% reduction of vital capacity, NIF, and PEF during
the course of hospitalization [44, 45]. It is essential to anticipate the need for
mechanical ventilation (MV) and proceed with elective intubation in selected
patients. It is therefore recommended to assess FVC every 2—4 h during the day
and every 4-6 h at night in a patient with declining respiratory function. A vital
capacity of less than 20 mL/kg, maximal inspiratory pressure less than 30 cm
H,O, maximal expiratory pressure less than 40 cm H,0O, and a reduction of more
than 30% in vital capacity, maximal inspiratory pressure, or maximal expiratory
pressure anticipate need for oncoming respiratory failure [44]. Elective intuba-
tion and MV are recommended in patients with significant respiratory distress,
fatigue, sweating, tachycardia, active aspiration, FVC < 15 mL/kg, hypercarbia
(PaCO2 48 mm Hg), and hypoxemia (PaO2 on room air <56 mm Hg) [1, 46].

2. Dysautonomia
Autonomic dysfunction in GBS is more common in the acute stage of the dis-
ease, can involve sympathetic or parasympathetic systems, and is a major
cause of mortality [2]. In a study on pediatric GBS patients, hypertension and
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tachycardia occurred in 70 and 77% of the patients, respectively, and they were
more likely with increasing motor weakness [47]. In another study on 156
GBS patients, tachycardia, hypertension, and hypotension were noted in 38,
69, and 11% of the patients, respectively [48]. Less common manifestations
include transient ECG changes such as ST segment elevation and diffusely
inverted T waves secondary to coronary vasospasm [49]. Careful assessment
for fluctuations in blood pressure and pulse rate and appropriate treatment
which may involve symptomatic treatment and even insertion of a pacemaker
are therefore important aspects of the GBS care, especially during the ICU
care, but also during the recovery period [1].

Gastrointestinal dysfunction was noted in 45% of a large cohort of GBS patients
[48], while adynamic ileus was reported in 15% of GBS patients admitted to the
ICU in another study [50]; however, the authors speculated that some of the cases
could have been due to other factors such as abdominal surgery, immobility, and use
of medications such as opioids.

About a quarter of GBS patients (39% of AIDP and 19% of the AMAN cases)
had urinary symptoms, including urinary retention in about 10% of the cases [51,
52]. Urinary dysfunction in GBS is proposed to be caused by either hypo- or hyper-
activity of lumbosacral nerves [52]. Besides incontinence and urinary retention
which will require the use of a catheter, patients may develop underactive detrusor,
overactive detrusor, and, to a lesser extent, hyperactive sphincter. Urinary symptoms
may be persistent and affect the quality of life in the patients who have recovered
from the acute phase, i.e., urinary frequency and urgency were present in one third
and nocturia in half of the patients who recovered from GBS patients when these
patients were followed for 6 years [53].

Immunomodulatory Treatments

GBS was associated with mortality in 10% of patients and severe residual neuro-
logical deficit in 20 of cases before the introduction of immunotherapy [54]. As
detailed below, immunomodulatory treatments directed at removal (plasma
exchange (PLEX)) or modulation of immunoglobulins and probably T cell responses
(intravenous immunoglobulins (IVIG)) have been proven to be effective in GBS. In
contrast to many other autoimmune neurological diseases, steroids have not shown
to hasten recovery nor affect the long-term outcome [55], and their use is not recom-
mended in GBS, neither alone nor combined with PLEX or IVIG [1, 2].

1. Plasma Exchange (PLEX)
The immunomodulatory action of PLEX is through the removal of autoantibod-
ies and complement components. It is usually administered at five plasma vol-
ume exchanges (50 ml/kg each) usually every other day, over a period of up to
2 weeks [56, 57]. PLEX is more effective if done early in the course of the ill-
ness, preferentially the first week after the onset of symptoms [58]. However,
larger exchanges of 1.5 plasma volumes have also been used. Hughes et al.
reviewed four clinical studies involving 585 severely affected GBS patients and
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concluded that there is significant improvement and less disability in the treated
patients after 4 weeks and 1 year after of randomization [56-60]. The treated
patients also had a higher chance of full strength recovery (odds ratio 1.24, con-
fidence interval 1.07-1.45), as well as lower disability and higher likelihood for
full recovery in 1 year [59]. In milder GBS patients who did not lose the ability
to ambulate, patients who received two sessions of PLEX over 3 days had shorter
onset of motor recovery (4 vs. 8 days) and better improvement after 1 month
compared to those who did not receive PLEX [57]. On the other hand, in GBS
patients who could not stand unaided, there was a higher likelihood of regaining
full motor strength in 1 year after four sessions of PLEX (x1.5 plasma volume
each) than after two sessions (64% vs. 48%) [57]. Six exchanges were similar in
efficacy to four in the severe GBS cases in the latter study.

Intravenous Immunoglobulin (IVIG)
IVIG has become the preferred treatment for GBS because of the availability and
convenience of use [1]. The therapeutic effect of IVIG in GBS may arise from
blocking pathogenic autoantibodies and antibody-mediated complement activa-
tion [8]. On the other hand, IVIG has shown to result in reduced number of Th1
and Th17 and expansion of the population of T, cells in GBS patients [31, 32].
IVIG, when started within 2 weeks of onset of weakness, has been shown to be
effective in AIDP patients with more severe disease manifested as inability to
walk 10 m unaided (GBS disability scale score >3) [59]. IVIG treatment has been
demonstrated to be as effective as PLEX if given within 2 weeks in patients who
lose the ability to walk [61, 62]. The dosage of IVIG used in the GBS clinical tri-
als has been 2 g/kg divided over 5 days [59]. The same dose can be divided over
2-4 days in selected cases, although a study suggested more posttreatment
relapses in children who received the dose in 2 days [63]. It has been suggested
that some patients may have a better response with a higher dose than 2 g/kg total
or a second course of treatment, for the following reasons: (1) about 10% of the
IVIG-treated GBS patients have a relapse, which usually responds to further treat-
ment with IVIG [64], and (2) a subgroup of GBS have poor initial response and
slower recovery, which has been correlated with lower levels of serum immuno-
globulin concentrations due to different pharmacokinetics [65]. The latter sub-
group may benefit from a higher dose or a second course of treatment [65].
Although the optimal immunomodulatory treatment for AMAN is still
unclear, PLEX has been suggested to be more efficient and cost-effective than
IVIG [2, 66]. The prognosis of MFS is generally good without treatment.
Although the recovery started earlier in the MFS patients who received IVIG, the
final outcome was not changed by the use of PLEX or IVIG in a study [67].

Oncoming Treatments
Considering the role of anti-ganglioside antibodies and complement activation in
the pathogenesis of GBS variants, modulation of complement activation through
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monoclonal antibodies and synthetic serine protease inhibitors is emerging as a new
treatment for GBS [8]. Eculizumab is a humanized monoclonal antibody, which
binds plasma C5 and blocks its cleavage to C5b, therefore preventing the formation
of membrane attack complex [68]. Eculizumab prevented the occurrence of anti-
GQ1b-mediated neuropathy in a murine model [69]. Nafamostat, a synthetic serine
protease inhibitor which is used as a short-acting anticoagulant during hemodialy-
sis, has been shown to ameliorate the phenotype of anti-GM1 antibody-mediated
neuropathy in a rabbit model due to its anticomplement activity [70].

Chronic Inflammatory Demyelinating Polyneuropathy (CIDP)

The term CIDP refers to a chronic form of an acquired inflammatory polyneuropa-
thy that is clinically differentiated from AIDP by its time course. CIDP encom-
passes a spectrum of phenotypic variants with common features of chronicity,
demyelination evident on the nerve conduction studies, and albuminocytological
dissociation in the CSF.

Clinical Manifestations

Classical CIDP is characterized by symmetrical proximal and distal muscle weak-
ness, sensory loss, and hyporeflexia or areflexia, with either a relapsing or progres-
sive course [71]. Proximal weakness and upper extremity involvement are common
in classical CIDP, which is in contrast to most other types of polyneuropathy which
are generally characterized by a more distal pattern of involvement [72]. Sensory
changes may include numbness, paresthesias, and difficulty with proprioception
and balance. Neuropathic pain is a rather infrequent feature in CIDP [73], but rarely
pain is the presenting feature [74]. Respiratory compromise and dysautonomia are
uncommon in CIDP (in contrast to GBS) and occur in less than 10% of patients
[75]. Facial, ocular, and oropharyngeal involvement is infrequent as well and is
estimated to occur in about 15% of patients [76]. CIDP is differentiated from GBS
by its time course: the time to nadir in CIDP is more than 8 weeks (it is usually
<2 weeks and maximally 4 weeks in GBS) [2]. In two thirds of those affected, the
disease has a progressive course, with the remainder experiencing relapses.

CIDP Variants

Only 50% of patients with CIDP present with classic features described above [77].
Other variants of CIDP include sensory-predominant, motor-predominant, ataxic,
chronic inflammatory sensory polyradiculopathy (CISP), and multifocal acquired
demyelinating sensory and motor (MADSAM) neuropathy.

Five to thirty-five percent of CIDP patients present with sensory symptoms in
their lower extremities [78]. Despite this purely sensory presentation from the clini-
cal standpoint, motor nerve conduction abnormalities consistent with demyelination
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can be found in many of these patients, and a pure sensory variant of CIDP has only
been reported rarely [79, 80]. On the other hand, many of the patients with purely
sensory variant will develop motor involvement years later [81]. Sensory CIDP may
mimic sensory ganglionopathy if the sensory action potentials are absent and motor
conduction studies are entirely normal. In these instances, nerve biopsy may be
required for the diagnosis [79, 82]. A rare (~5%) predominantly sensory ataxic form
of CIDP (chronic immune sensory polyradiculopathy (CISP)) is a distinct clinical
entity that involves large fibers of the dorsal roots rather than distal sensory nerves
[83, 84]. In these cases peripheral nerve conduction studies may be unrevealing, and
somatosensory conduction potentials may need to confirm demyelination of the
sensory nerve roots [85]. The motor-predominant variant of CIDP presents with
relatively symmetric proximal and distal muscle weakness, demyelination on the
nerve conduction study, and minimal or absent sensory involvement, which occurs
in about 7-10% of patients with CIDP, more commonly in young adults <20 years
of age [78, 86, 87]. The main differential diagnosis for motor variant of CIDP is
multifocal motor neuropathy. Multifocal acquired demyelinating sensory and motor
(MADSAM, aka Lewis-Sumner syndrome) neuropathy is a focal variant which
occurs in about 6-15% of CIDP patients [78]. MADSAM presents with an asym-
metrical muscle weakness and sensory changes, usually starting in one or both
upper extremities. Later in its clinical course, MADSAM may become more diffuse
and involve both lower extremities as well.

It is differentiated from axonal mononeuritis multiplex by the presence of seg-
mental demyelination in the nerve conduction study, involving both motor and sen-
SOry nerves.

Pathology

Postmortem studies as well as MRI and ultrasonography have demonstrated involve-
ment of nerve roots, plexi, and proximal nerve trunks, as well as focal involvement
of more distal portion of peripheral nerves in CIDP patients [88, 89]. The classic
histopathological findings include demyelination, remyelination (thick myelin
sheath and onion bulb formation), endoneurial edema, and presence of inflamma-
tory infiltrates (CD4, CD8 lymphocytes) in the perineurium and endoneurium [73].
Macrophages intercalate between the layers of Schwann cell membranes, including
outer mesaxon, extending their elongated processes into the myelin lamellae and
breaking them down [90]. Due to the focal distribution of lesions, up to 20% of
biopsies may show no inflammatory changes. Only 10-50% of nerve biopsies show
inflammatory cell infiltrates, due to the focal nature of the disease [90]; on the other
hand, 20-40% only show features of axonal degeneration [73, 91, 92].

Immunopathogenesis

CIDP is an autoimmune disease as proven by its response to immunomodulatory
treatments, presence of inflammatory infiltrates in the peripheral nerves, and
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development of a chronic relapsing EAN in animal models, similar to CIDP from
the pathological and electrophysiological standpoint [93, 94].

Immunopathogenesis of CIDP is complex and involves both cellular and humoral
arms of the immune system, affecting peripheral myelin. Breakdown in the blood-
nerve-barrier (BNB), which protects the microenvironment of the nerve from exog-
enous proteins such as potentially pathogenic immunoglobulins, plays a key role in
the pathogenesis of CIDP. Abnormal permeability of BNB can be detected via con-
trast enhancement seen in the MRI of the inflamed nerve trunks and plexi of patients
with CIDP [95, 96].

Similar to AIDP, the target antigen remains unknown in CIDP, but unlike GBS,
CIDP is characteristically not preceded by an antecedent infection. Although about a
third of cases were preceded by an infection in a previous study [97], other studies
have challenged that data by finding that the antecedent infections were present in
only 10% of patients with CIDP, which does not differ from the prevalence of in the
general population [98]. On the other hand, the onset has not been consistently linked
to any one specific antecedent infection, with the exception of rare association of
CIDP and HIV infection [99, 100]. CIDP has been rarely reported in association with
malignant melanoma, which is explained by presence of shared antigens, such as
myelin-associated glycoprotein and different gangliosides, between melanocytes and
Schwann cells, as they both are derived from neuroectodermal origin [101-104].

Cellular Immunity

Aberrant T cell activation plays an important role in the pathogenesis of CIDP as
suggested by several lines of evidence: (i) sural nerve biopsies of CIDP patients
frequently demonstrate endoneurial infiltration by CD4+, CD8+ T cells, and macro-
phages [105]; (ii) changes in T cell subsets, function, and interleukin profiles have
been reported in the blood and CSF of patients with CIDP [106]; and (iii) gamma
delta T cells, which are capable of recognizing nonprotein antigens such as ganglio-
sides, were observed in 14 of 20 CIDP nerve biopsy specimens [107].

It is yet unclear whether the initial activation of T cells occurs in lymphoid organs
or within the peripheral nerve. Upon the activation of peripheral CD4+ T cells, they
release multiple inflammatory cytokines (interleukin (IL)-2, interferon-y (IFNy),
and IL-17 as well as the chemokines (interferon gamma-induced protein (IP)-10
and macrophage inflammatory protein 3 § (MIP3f) and stimulate the increase in the
expression of the endothelial adhesion molecules (VCAM, ICAM, ELAM) that
mediate the adherence and transmigration of T cells through BNB and into the
nerve compartment. When in the endoneurium, T cells release pro-inflammatory
cytokines and metalloproteinases (MMP), further breaking down the BNB. Both
MMP-2 and MMP-9 were found to be upregulated in nerves of CIDP patients [108].
As T cells transmigrate BNB, they become locally activated due to the upregulation
of MHC II and co-stimulatory molecules B7-1 and B7-2 by infiltrating macrophages
as well as Schwann cells. An antigen-driven, major histocompatibility complex
class I-restricted CD8+ T cell-mediated immune attack has also been suggested to
play a role in the pathogenesis of CIDP [109, 110]. An oligoclonal or polyclonal
repertoire of CD8+ T cells is found in peripheral nerves of patients with CIDP
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which correlates with the same expansion in their blood [109]. On the other hand,
IVIG corrects this prominent oligoclonal repertoire of CD8+ T cells [110].

Another important checkpoint that controls the extent of inflammatory reaction
and autoimmunity is T, cells. In patients with CIDP, T, cells are reduced in num-
ber and have been found to be less functional than in healthy controls [111, 112].
The B7-1/B7-2 CD28/CTLA4 signaling pathways are important in the lymphocyte
activation and homeostasis of T, cells, with CD28 signaling promoting and CTLA4
signaling downregulate T cell activation [36, 113]. The importance of the aforemen-
tioned pathways in the pathogenesis of CIDP is demonstrated by occurrence of a
spontaneous autoimmune neuropathy in B7-2 knockout nonobese diabetic mice
(see below).

Endoneurial macrophages and Schwann cells may function as antigen-presenting
cells particularly in regard with nonprotein antigens, as indicated by overexpression
of MHC-like molecules CD1la and CDI1b in these cells in the nerve biopsies of
CIDP patients [114, 115]. Moreover, Schwann cells may participate as accessory
cellsin T cell activation as they express CD58 molecule (LFA-3) [115]. Macrophages
recruited into the site of inflammation represent one of the dominant effector cells
in CIDP [116]. They form clusters around the endoneurial vessels and participate in
antigen presentation, in the release of pro-inflammatory cytokines, and at the end
stage in stripping away the damaged myelin and phagocytizing it.

Humoral Immunity

Different lines of evidence suggest that humoral immunity has an important role in
the pathogenesis of CIDP. Firstly, sural nerve biopsies of some patients with CIDP
have shown complement and immunoglobulin deposition on the surface of Schwann
cells and compact myelin [117, 118]; secondly, serum proteins from CIDP patients
bind to the segments of healthy nerves, which results in demyelination and conduc-
tion blocks, when injected interneurally [119]; thirdly, the efficacy of plasma
exchange in the treatment of CIDP implicates the important role of humoral factors
in its pathogenesis.

It is therefore plausible that after the BNB is first damaged by the action of T
cells and macrophages detailed above, autoantibodies mediate demyelination by
complement fixation and by directing macrophages to the antigenic targets via Fc
receptors, leading to opsonization and phagocytosis.

Although the target antigen in CIDP remains elusive, antibodies to a number of
myelin and axonal antigens such as glycolipids GM1, LM1, and LM1-containing
ganglioside complex, beta tubulin, galactocerebroside, chondroitin sulfate, and pro-
teins PO, P2, and PO-related glycoprotein have been reported in sera from CIDP
patients [120, 121]. On the other hand, these antibodies have not been detected in
most patients with CIDP, and only antibodies against PO were shown to be patho-
genic in vivo with passive transfer or intraneural injection [122]. The presence of
these autoantibodies may represent an epiphenomenon of the ongoing inflammation
rather than denote causality.

Proteins in the non-compact myelin in the nodal, paranodal, and juxtanodal
regions have an important role for the maintenance of structural integrity of the
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nodes of Ranvier and therefore saltatory conduction. As the search for a target anti-
gen among major compact myelin proteins has been so far unsuccessful, the atten-
tion has shifted toward non-compact myelin proteins such as gliomedin, neurofascin,
contactin, and Caspr 1 [40, 123, 124]. The complex of contactin/Caspr/neurofas-
cin-155 has a critical function in the integrity of paranodal junctions [125]. In a
study by Deveaux et al., 30% of patients with CIDP had IgG antibodies that bound
to the nodes of Ranvier and paranodes of the rodent nerves, and the binding was
specific to gliomedin, neurofascin 186, and contactin [123]. Another study showed
that 13 of 533 Japanese patients with CIDP had an IgG4 antibody to contactin 1;
seropositivity was associated with sensory ataxia and poor responsiveness to IVIG
treatment [126]. In another study and using the same group of patients, antibodies
to neurofascin-155 were identified in 7% of the patients [127]; those who were
seropositive were more likely to have sensory ataxia (42%), tremors (13%), and
demyelinating CNS lesions (8%) and also were poorly responsive to IVIG [127].
Poor response to IVIG in patients positive to neurofascin-155 and contactin 1 has
been suggested to be due to the fact that antibodies are of IgG4 type, which do not
result in complement fixation and have low affinity to Fc receptors, two postulated
immunomodulatory mechanisms of IVIG [127].

Antibodies to contactin/Caspr/neurofascin-155 complex are pathogenic as serum
of anti-contactin-positive CIDP patients prevents adhesive interaction between con-
tactin. Caspr and neurofascin-155 therefore alter the structure of paranodal junc-
tions in myelinated neuronal culture [125].

Animal Models

Immunization of rabbits with a high dose of bovine myelin results in a relapsing or
progressive form of EAN [93]. Chronic EAN has been created in the Lewis rats by
immunization with myelin after treatment with low-dose cyclosporine A (CsA),
which is explained by inhibition of T cell apoptosis and therefore perpetuation of
inflammatory response by low-dose CsA [128]. Higher doses of CsA actually
resulted in attenuation of the disease severity, attributed to suppression of overall T
cell responses, which leads to prevention of the occurrence of EAN [128].
Spontaneous autoimmune polyneuropathy (SAP) in nonobese diabetic (NOD)
mice is another model of inflammatory neuropathy 36. The NOD mouse strain is a
model of type 1 diabetes, but it also has the propensity to develop other autoimmune
diseases. When B7-2 was knocked out in these mice, they did not develop insulitis
and diabetes, but on the other hand, all female and one third of male mice developed
a chronic demyelinating neuropathy beginning at 20 weeks of age with pathological
(heavy infiltration by CD4+, CD8+ T cells and dendritic cells in peripheral nerves
and dorsal root ganglia) and electrophysiological (demyelination, conduction block-
ing) characteristics of CIDP 129. There was overexpression of B7-1 by the antigen
presenting cells in that model. The disease was reproduced by treatment of NOD
mice with antibody against B7-2, and by transfer of CD4+ T cells but not by sera
from SAP animals [129]. Interferon gamma secreting Thl cells that are reactive
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against certain episodes of myelin protein zero (P0) are shown to have a critical role
in SAP in B7-2 deficient mouse model [130].

Treatment

CIDP is considered a treatable form of autoimmune neuropathy, and therefore a
variety of immunomodulatory and immunosuppressive agents have been studied for
its treatment.

Several controlled and retrospective studies as well as a few randomized trials
have confirmed the efficacy of current first-line treatments: corticosteroids, IVIG,
and PLEX [131-133]. Approximately, 50-70% of patients with CIDP respond to
one of these treatments, with another 50% of the remainder responding to one of the
other therapies [78, 134].

Corticosteroids

Steroids are the oldest treatment used for CIDP. The mechanism of action of ste-
roids is multimodal and includes decrease in circulating lymphocytes, inflammatory
cytokines, macrophage activation, and lymphocyte transmigration. A 3-month, ran-
domized, placebo-controlled trial showed the efficacy of high-dose prednisone
(120 mg) on alternate days in 28 CIDP patients [135]. A clinical response to steroid
treatment occurs between 2 weeks and several months with an average of about
8 weeks [91, 121]. Although oral steroids are effective, daily dosing is commonly
poorly tolerated due to multiple side effects (osteoporosis, weight gain, glycemic
control, stomach irritation). As a result, pulse treatments with intravenous methyl-
prednisolone or oral dexamethasone have been investigated as an alternative
approach. When the efficacy of dexamethasone 40 mg daily for 4 days a month was
compared to prednisolone at 60 mg in a double-blind, randomized, controlled trial,
remission occurred in about 40% of patients at both arms at 12 months [136]. The
median time to remission was however shorter in the dexamethasone (20 weeks)
versus prednisone group (39 weeks). Another retrospective study evaluated intrave-
nous methylprednisolone, loading dose of 1 g/day for 3-5 days followed 1 g/week
for 4-8 weeks, and then a slow taper over a period of 2 months to 2 years [137].
There was favorable response as assessed by remission rate and improved disability
score, in 13 out of 16 patients at 6-month follow-up, and IV methylprednisolone
regimen was equal in efficacy to IVIG and oral prednisolone arms in that study.
There were fewer steroid-related side effects in the IV methylprednisolone than the
prednisone arm.

Intravenous Immunoglobulins (IVIG)

IVIG has been used as a preferred treatment for CIDP for almost two decades.
Axonal loss, as demonstrated by muscle atrophy clinically or low or absent motor

potentials on EMG, is an important predictor of lack of response to IVIG [138].
The mechanism of action of IVIG in CIDP is multimodal and includes blocking

or decreased production of pathogenic antibodies and decreased complement
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deposition [139]. IVIG also modulates cellular immune system and decreases the
concentration of adhesion molecules and cytokine secretion by the endothelial cells
[139]. Wong et al. showed significantly reduced ratio of sialylated/agalactosylated
IgG-Fc in CIDP patients, and decrease in that ratio was associated with more severe
disease [140]. Treatment with IVIG resulted in increased levels of sialylated IgG-Fc
which correlated with clinical improvement [140]. The effect of IVIG on the T cell
profile and T, cells is described above [32].

IVIG is administered at 2 g/kg divided over 3-5 days and followed by mainte-
nance infusions of 0.5-1 g/kg every 2-4 weeks. The frequency and dose of the
maintenance therapy are adjusted based on the clinical response of the patient. IVIG
is overall well tolerated by most patients. Infusion reactions include chills, rash,
nausea, headache, and myalgias. These can be prevented or improved by premedi-
cating patients with acetaminophen and diphenhydramine and slowing the infusion
rate [141]. Other serious but not common side effects include renal failure (typically
in patient with underlying renal insufficiency), congestive heart failure (in patients
with pre-existing heart disease), anaphylactic reactions (more common in IgA-
deficient patients), and thromboembolic events such as deep venous thrombosis and
ischemic stroke. Other rare side effects include aseptic meningitis, neutropenia, and
uveitis [141]. The efficacy of IVIG was proven in the CIDP Efficacy (ICE) trial,
which is thus far the largest and longest (up to 48 weeks) randomized, double-blind,
placebo-controlled, crossover trial in this disease. The trial used a loading dose of
2 g/kg administered over 2 to 5 days, followed by maintenance infusions of 1 g/kg
administered every 3 weeks for 6 months, and demonstrated improvement in
adjusted INCAT disability score and grip strength and lower rate of relapse com-
pared to the placebo arm [142].

Subcutaneous IG (SCIg) is being investigated as an alternative to IVIG in
those patients who cannot tolerate IVIG infusions. These have been used for two
decades for other autoimmune disorders and require more frequent administra-
tion but at lower doses. Recent randomized trials showed efficacy of SClg in
improving the muscle strength in CIDP patients who were previously responsive
to IVIG [143, 144].

Two IVIG formulations (Gammagard 5% IVIG and Kiovig 10% IVIG) were
compared for their efficacy and side effect profile in a study, which demonstrated
similar efficacy and side effect profile [145]. No randomized trials of IVIG versus
SClg have thus far been conducted. The effectiveness of IVIG versus pulsed IV
methylprednisolone (500 mg IV daily for 4 days, followed by a monthly administra-
tion for 6 months) was compared in a randomized controlled trial, which showed
that IVIG was less frequently discontinued because of inefficacy or side effects at
6 months (87.5% vs. 47.6%, respectively); however, the relapse rate after discon-
tinuation was higher in the IVIG group, while in the patients who remained in the
methylprednisolone group, no patients relapsed at 6 months of treatment [146].

Plasma Exchange (PLEX)
PLEX has been demonstrated to be effective in CIDP in multiple studies, including
the two short-term randomized placebo-controlled trials [147, 148]. In the study by
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Hahn et al., PLEX was effective in 80% of the patients as indicated by improvement
in grip strength, clinical disability grade, and the mean neurologic disability score,
as well as summated motor potential amplitudes and conduction velocities [148]. Of
those patients who responded to the plasma exchange, most improved within
4 weeks of receiving therapy with no significant difference in responsiveness
between those with progressive and relapsing disease, i.e., five of seven patients
with progressive course and seven of eight patients with relapsing course improved
in that study. Despite good response initially, after discontinuation of therapy, about
two thirds of patients will experience deterioration within several weeks [133, 148].
There are no specific guidelines for the use of PLEX in CIDP beyond 4 weeks; clini-
cal response, timing, and degree of deterioration should be used to guide decision-
making regarding frequency of subsequent PLEX sessions. Usually, a maintenance
therapy with one PLEX session at least every 8 weeks may be needed, sometimes in
addition to other immunomodulatory medications [121].

Plasma exchange administration requires a central catheter placement and about
three to five sessions per treatment. Adverse effects include bleeding, infection at
the site of the catheter, hypotension, anemia, and hypocalcemia due to citrate toxic-
ity [133]. Pre-existing coagulation abnormalities, thrombocytopenia, and hemody-
namic instability warrant the use of another treatment modality.

Other Treatments

A large number of immunosuppressants (azathioprine, cyclophosphamide, meth-
otrexate, cyclosporine A, mycophenolate mofetil, rituximab) and immunomodu-
latory drugs (alpha and beta interferon) have been tried for CIDP. Although some
of the aforementioned medications are commonly used in CIDP patients as
steroid-sparing drugs, none have been shown to be effective in CIDP in random-
ized, controlled trials [149]. When azathioprine was added to a regimen of alter-
nate-day steroid treatment, the outcome was not different [150]; on the other
hand, azathioprine has been used in the treatment of CIDP patients who also had
diabetes in small case series [151, 152]. A double-blinded randomized study did
not show efficacy of a weekly dose of oral methotrexate in patients in CIDP who
were also on IVIG and prednisone [153]. Interferon Bla was shown not to be
effective in a cohort of ten patients with treatment-resistant CIDP in a random-
ized, double-blind, placebo-controlled study [154]. High-dose cyclophosphamide
(200 mg/kg over 4 days) infusion was reported to be effective in a cohort of four
CIDP patients who had failed other treatments, with remissions that could last
more than 3 years [155]. Cyclosporine has been reported to be effective to sustain
remission in a child with CIDP and to reduce the required dose of prednisolone in
another [156]. In a retrospective study on eight CIDP patients, neuropathy dis-
ability score improved in all eight, and in six of eight, the concomitant medica-
tions could be stopped or dose reduced by >50% [157]. On the other hand, another
study on 21 CIDP patients suggested efficacy of mycophenolate in only one third
of patients [158]. Autologous hematopoietic stem cell transplantation (AHSCT)
has been successfully used for treatment-resistant CIDP [159]. In a prospective
study, 11 patients with therapy-refractory CIDP underwent AHSCT with a median
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follow-up time of 28 months. Eight had a drug-free remission at their last follow-
up [159].

Other treatment modalities are being investigated, including agents affecting B
cells, T cells, transmigration molecules, and signal transduction pathways.

Rituximab, which is a monoclonal antibody against CD20 and acts by depleting
the precursors of antibody-producing B cells, was used in 13 patients with refrac-
tory CIDP, eight of whom had concurrent hematological disease (B cell lymphoma,
Waldenstrom macroglobulinemia, and IgM monoclonal gammopathy of unknown
significance) [160]. Nine of 13 (7 of 8 with hematological disease) showed improved
in that study, with median duration of 2 months from rituximab infusion to a
response and mean duration of response of 1 year. In another study, rituximab was
used in four patients with anti-CNTNI1/NF155-positive, IVIG-resistant, CIDP
patients [161]. The autoantibody titer diminished in all the patients and three of the
four improved clinically.

Alemtuzumab is a monoclonal antibody directed against the CD52, therefore
resulting in lymphocytic depletion via apoptosis. In a cohort of seven patients with
treatment-resistant CIDP who underwent treatment with alemtuzumab, two had
remissions and another two needed a lower dose of IVIG [162]. Fingolimod, a
sphingosine-1-phosphate receptor modulator approved for relapsing-remitting mul-
tiple sclerosis, is currently under investigation for the treatment of CIDP in a ran-
domized, double-blind, placebo-controlled trial.

Supportive Therapies

Physical therapy and supportive equipment such as canes, walking sticks, walkers,
braces, and ankle-foot orthotics may be helpful in assisting CIDP patients in walk-
ing and other activities of daily living. Physical therapy may help maintain range of
motion and prevent joint contractures. Neuropathic pain, anxiety, depression, and
fatigue may need to be treated with symptomatic medications. Exercise can be help-
ful in combatting fatigue and encouraging endurance.
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Myasthenia Gravis: Clinical Features, 1 1
Immunology, and Therapies

Wael Richeh, John D. Engand, and Richard M. Paddison

Introduction

Myasthenia gravis (MG) is a disorder of the neuromuscular junction. Most cases of
MG are autoimmune in origin although rarely there are cases of congenital genetic
origin. The autoimmune disease is characterized by fluctuating muscle weakness
which worsens with exertion and improves with rest. The disease usually involves
the extraocular muscle initially and may progress to involve bulbar and limb mus-
culature, resulting in generalized MG {1,2}. The disorder is of unknown etiology;
however, the role of antibodies directed against the nicotinic acetylcholine receptor
is well established in the pathogenesis. Since MG is eminently treatable, recogni-
tion of the signs and symptoms of MG is crucial. Recent progress in treatment
options has led to a significant reduction in morbidity and mortality [1, 2].

Epidemiology

Acquired MG prevalence is approximately 20 per 100,000 in the US population.
Gender and age both appear to influence the occurrence of MG. Below the age of
40 years, the female/male ratio is about 3:1. Between 40 and 50 years, it is roughly
equal, but over the age of 50, MG occurs more commonly in men. Childhood MG
is uncommon in Europe and North America, comprising 10 to 15% of cases.
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In Asian countries, up to 50% of patients have onset before 15 years, and these
patients present mainly with purely ocular manifestations [4, 5].

Pathogenesis

The nerve terminals innervating the neuromuscular junctions (NMJ) of skeletal
muscles arise from the terminal arborization of a-motor neurons of the ventral horns
of the spinal cord and brain stem. The NMJ itself consists of a synaptic cleft and a
20 nm thick space which contains acetylcholinesterase (AChE) along with other
supporting proteins/proteoglycans. The NMJ postsynaptic membrane has deep
folds with acetylcholine receptors (AChRs) tightly packed on the top of these folds.
When the nerve action potential reaches the synaptic bouton, depolarization
opens voltage-gated calcium channels on the presynaptic membrane, triggering
release of acetylcholine (ACh) into the synaptic cleft. The ACh diffuses into the
synaptic cleft to reach postsynaptic membrane receptors where it triggers the end
plate potential (EPP). ACh is then hydrolyzed by AChE within the synaptic cleft.
Muscle-specific receptor tyrosine kinase (MuSK), a postsynaptic transmembrane
protein, forms part of the receptor for agrin, a protein present on synaptic basal lamina.
Agrin/MuSK interaction triggers and maintains rapsyn-dependent clustering of AChR
and other postsynaptic proteins [13]. Rapsyn, a peripheral membrane protein on the
postsynaptic membrane, is necessary for the clustering of AChR. Mice lacking agrin or
MuSK fail to form NMJs and die at birth due to profound muscle weakness [2, 24].
NMIJ physiology influences susceptibility to MG muscle weakness. EPP gener-
ated in normal NM]J is several times larger than the threshold needed to generate the
postsynaptic action potential. This neuromuscular transmission “safety factor” is
reduced in MG patients. Reduction in number or activity of the AChR molecules at
the NMJ decreases the EPP. The EPP may be adequate at rest to generate an action
potential, but when the quantal release of ACh is reduced after repetitive activity, the
EPP may fall below the threshold needed to trigger the action potential [22]. This
results in blocking of muscle fiber contraction and muscle weakness. If the EPP at
rest is consistently below the action potential threshold, persistent weakness occurs.

Effector Mechanisms of Anti-AChR Antibodies (Anti-AChR Abs)

Anti-AChR Abs affect NMT by at least three mechanisms [2]: (i) complement bind-
ing and activation at the NMJ, (ii) antigenic modulation (accelerated AChR endocy-
tosis of molecules cross-linked by antibodies), (iii) and functional AChR
block—preventing normal ACh from attaching and acting on the AChR.

Role of CD4+ T Cells in MG

Pathogenic anti-AChR Abs are high-affinity IgGs, and their synthesis requires acti-
vated CD4+ T cells to interact with and stimulate B cells. Thymectomy is believed
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to benefit patients with MG by removal of these AChR-specific CD4+ T cells [20].
Treatment with anti-CD4+ antibodies has also been shown to have a positive thera-
peutic impact. AIDS patients with reduction in CD4+ T cells notice myasthenic
symptom improvement.

Role of CD4+ T-Cell Subtypes and Cytokines in MG and EAMG
(Experimental Autoimmune MG)

CD4+ T cells are classified into two main subtypes: Thl and Th2 cells. Thl cells
secrete pro-inflammatory cytokines, such as IL-2, IFN-y, and TNF-«, which are
important in cell-mediated immune responses. Th2 cells secrete anti-inflammatory
cytokines, like IL-4, IL-6, and IL-10, which are important inducers of humoral
immune responses. IL-4 further stimulates differentiation of Th3 cells that secrete
TGF-p, which is involved in immunosuppressive mechanisms [17].

MG patients have abundant anti-AChR Thl cells in the blood that recognize
many AChR epitopes and are capable of inducing B cells to produce high-affinity
anti-AChR antibodies. Thl cells are indispensible in the development of EAMG as
proven in animal models. Therapies against Th1 cytokines (TNF-a and IFN-y) have
been proven in animal models to improve EAMG symptoms [22, 23].

Anti-AChR Th2 cells have a complex role in EAMG pathogenesis. They can be
protective, but their cytokines IL-5, IL-6, and IL-10 may also facilitate EAMG
development [2]. CD4+ T cells that express CD25 marker and transcription factor
Foxp3 are called “Tregs” and are important in maintaining self-tolerance. Tregs in
MG patients may be functionally impaired and have been shown to increase after
thymectomy with concomitant symptom improvement. Natural killer (NK) and
natural killer T (NKT) cells also have important roles in MG and EAMG. Natural
killer T (NKT) cells with Tregs help in regulating anti-AChR response. Mouse mod-
els have shown inhibition of EAMG development after stimulation of NKT cells
[23]. IL-18, secreted by antigen-presenting cells (APCs), stimulates NK cells to
produce IFN-y, which permits and enhances Thl cells to induce EAMG. IL-18-
deficient mice are resistant to EAMG, and pharmacologic block of IL-18 suppresses
EAMG. MG patients have been shown to have increased serum level of IL-18,
which tends to decrease with clinical improvement [15].

Other Autoantigens in MG

Seronegative MG patients are those patients who have clinical MG but do not dem-
onstrate anti-AChR antibodies in blood. Some of these patients have anti-MuSK
antibodies (up to 40% of this subgroup). Other ethnic groups or locations (e.g.,
Chinese and Norwegians) have lower frequencies of anti-MuSK antibodies in sero-
negative MG patients. MG patients with anti-MuSK antibodies do not have anti-
AChR Abs, except as reported in a group of Japanese patients [16].

Agrin/MuSK signaling pathway maintains the structural and functional integrity
of the postsynaptic NMJ apparatus in the adult muscle cell. Anti-MuSK antibodies
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affect the agrin-dependent AChR cluster maintenance at the NMJ, leading to
reduced AChR numbers. Complement-mediated damage may also be responsible
for decreasing the AChR numbers at the NMJ when targeted by anti-MuSK Abs.
Some human muscle cell culture studies have shown cell cycle arrest, downregula-
tion of AChR subunit with rapsyn, and other muscle protein expression, on expo-
sure to sera from anti-MuSK-positive MG patients [2]. Other antimuscle cell protein
antibodies (e.g., antititin and antiryanodine receptor antibodies) are also postulated
to have pathogenic roles in autoimmune MG.

Immunological Test

The most commonly used immunological test for the diagnosis of MG measures the
serum concentrations of anti-AChR antibodies and is highly specific for myasthenia
gravis [46]. False positives are rare and may occur with low titers in LEMS (5%),
motor neuron disease (3—-5%), and polymyositis (<1%).

The sensitivity of this test is approximately 85% for gMG and 50% for oMG [47,
48]. Anti-AChR antibody concentrations cannot be used to predict the severity of
disease in individual patients since the concentration of the antibodies does not cor-
relate with the clinical picture. Seronegativity may occur with immunosuppression
or if the test is done too early in the disease [49, 50]. As indicated above, striated
muscle antibodies against muscle cytoplasmic proteins (titin, myosin, actin, and
ryanodine receptors) are detected mainly in patients with thymomatous MG and also
in some thymoma patients without MG [24, 51]. The presence of these antibodies in
early-onset MG raises the suspicion of a thymoma. Titin antibodies and other striated
muscle antibodies are also found in up to 50% of patients with late-onset and nonthy-
momatous MG and are less helpful as predictors of thymoma in patients over 50 years
[51]. Anti-KCNA4 antibodies might be a useful marker to identify patients with
thymoma but can be also seen in myocarditis/myositis [52]. Patients with gMG who
are anti-AChR antibody negative should be tested for anti-MuSK antibodies which
are found in approximately 40% of patients in this group. As noted, low-affinity anti-
AChR antibodies binding to clustered AChRs have been found in 66% of sera from
patients with seronegative gMG [53]. Whether low-affinity antibodies are present in
oMG remains to be determined, but this cell-based assay might eventually provide a
more sensitive diagnostic test in this subgroup. Chest CT or MRI is done in all
patients with confirmed MG to exclude the presence of a thymoma. Iodinated con-
trast agents should be used with caution because they might exacerbate myasthenic
weakness [54, 55]. MG often coexists with thyroid disease, so baseline testing of
thyroid function should be obtained at the time of diagnosis.

Clinical Feature

The cardinal feature of MG is fluctuating weakness that is fatigable, worsening with
repetitive activities and improving with rest. Weakness is worsened by exposure to
heat, infection, and stress [3]. The fluctuating nature of weakness distinguishes MG



11 Myasthenia Gravis: Clinical Features, Immunology, and Therapies 231

from other disorders which present with weakness. Typically, the weakness involves
specific skeletal muscle groups. The distribution of the weakness is generally ocu-
lar, bulbar, proximal extremities, and neck, and in a few patients, it involves the
respiratory muscles. In patients with MG, the weakness is mild in 26%, moderate in
36%, and severe in 39%, associated with dysphagia, depressed cough, and reduced
vital capacity [27]. Extraocular muscle (EOM) weakness is by far the most common
initial symptom of MG, occurring in approximately 85% of patients. Generalized
progression will develop in 50% of these patients within 2 years [27]. Early MG
usually presents with fluctuating ptosis and diplopia. Diplopia can be elicited by
having the patient look laterally for 20-30 s resulting in eye muscle fatigue. The
ptosis can be unilateral or bilateral, and sustained up-gaze for 30 or more seconds
will usually induce it. The ptosis can be severe enough to totally occlude vision. The
most commonly involved EOM is the medial rectus. But, on clinical examination,
usually more than one extraocular muscle is weak with pupillary sparing. The weak-
ness does not follow any pattern of specific nerve or muscle involvement, distin-
guishing it from other disorders such as vertical gaze paresis, distinct cranial nerve
palsy, or internuclear ophthalmoplegia (INO).

Bulbar muscle involvement during the course of MG can be seen in approxi-
mately 60% of patients. It may present as fatigable chewing, particularly on chew-
ing solid food with jaw closure more involved than jaw opening [38, 39]. Painless
dysphagia and dysarthria may be the initial presentation in approximately 15% of
patients [39]. The lack of ocular involvement in these patients may result in misdi-
agnosis as motor neuron disease or primary myopathy. Weakness involving respira-
tory muscles is rarely the presenting feature of MG, but respiratory insufficiency
certainly may occur later as the disease progresses [35]. Respiratory muscle weak-
ness can lead to myasthenic crisis which can be life threatening, requiring mechani-
cal ventilation. It can be precipitated by infections and certain medications such as
aminoglycosides, telithromycin, neuromuscular blocking agents, magnesium sul-
fate, beta-blockers, and fluoroquinolone antibiotics.

Involvement of the limbs in MG produces predominantly proximal muscle weak-
ness. The upper extremities tend to be more often affected than the lower extremities.
Occasionally predominant distal muscle weakness occurs [40]. Facial muscles are
frequently involved and can make the patient appear expressionless. Neck extensor
and flexor muscles are commonly affected. The weight of the head may overcome the
extensors, producing a “dropped head syndrome.” Although it has become evident
that the natural course of MG with adequate treatment is general improvement in 57%
and remission in 13% after the first 2 years, severe weakness can be accompanied by
high mortality. Only 20% of patients remain unchanged, and mortality from the dis-
ease is 5-9%. Only 4% of the patients who survive the first 2 years become worse. Of
those who will develop generalized myasthenia, virtually, all do so by 2-3 years [3].

Clinical Classification

The Myasthenia Gravis Foundation of America (MGFA) clinical classification
divides MG into five main classes and several subclasses [26]. It is designed to
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identify subgroups of patients with MG who share distinct clinical features or sever-
ity of disease that may indicate different prognoses or responses to therapy. It should
not be used to measure outcome and is as follows:

DN =

DN =

DN =

Class I MG is characterized by the following:

. Any ocular muscle weakness.
. May have weakness of eye closure.
. All other muscle strengths are normal.

Class II MG is characterized by the following:

. Mild weakness affecting muscles other than ocular muscles
. May also have ocular muscle weakness of any severity

Class IIa MG is characterized by the following:

. Predominantly affecting limb muscles, axial muscles, or both
. May also have lesser involvement of oropharyngeal muscles

Class IIb MG is characterized by the following:

. Predominantly affecting oropharyngeal muscles, respiratory muscles, or both
. May also have lesser or equal involvement of limb muscles, axial muscles, or

both
Class III MG is characterized by the following:

Moderate weakness affecting muscles other than ocular muscles

. May also have ocular muscle weakness of any severity

Class Illa MG is characterized by the following:

Predominantly affecting limb muscles, axial muscles, or both

. May also have lesser involvement of oropharyngeal muscles

Class IIIb MG is characterized by the following:

Predominantly affecting oropharyngeal muscles, respiratory muscles, or both

. May also have lesser or equal involvement of limb muscles, axial muscles, or

both
Class IV MG is characterized by the following:

Severe weakness affecting muscles other than ocular muscles

. May also have ocular muscle weakness of any severity
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Class IVa MG is characterized by the following:

1. Predominantly affecting limb muscles, axial muscles, or both
2. May also have lesser involvement of oropharyngeal muscles

Class IVb MG is characterized by the following:
. Predominantly affecting oropharyngeal muscles, respiratory muscles, or both

. May also have lesser or equal involvement of limb muscles, axial muscles, or
both

DN =

Class V MG is characterized by the following:

1. Intubation with or without mechanical ventilation, except when employed dur-
ing routine postoperative management.
2. The use of feeding tube without intubation places the patient in class IVb [2, 13].

Diagnosis
Serological Testing

MG is a condition which fulfills all the major criteria for a disorder mediated by
autoantibodies against the acetylcholine receptor (AChR-Ab) or against a receptor-
associated protein, muscle-specific tyrosine kinase (MuSK-Ab).

Patients with positive AChR-Ab or MuSK-Ab assays have seropositive myasthe-
nia gravis (SPMG). Demonstration of these antibodies is possible in approximately
90% of patients with generalized MG and provides the laboratory confirmation of the
disease [1, 2]. In those patients with purely ocular MG, the sensitivity of AChR-Ab
testing is considerably lower, detectable in about half of patients. There are rare cases
of ocular myasthenia that are MuSK-Ab positive, but most large case series of ocular
myasthenia gravis have not found patients who are MuSK-Ab positive.

Acetylcholine receptor antibodies Immunologic assay to detect the presence of
circulating AChR-Ab is the first step in the laboratory confirmation of MG. There
are three AChR-AD assays: binding, blocking, and modulating. Most authors use
the term AChR-Ab as synonymous with the binding antibodies, and these are what
are referenced in most studies that report the diagnostic sensitivity of these tests in
MG for the reasons discussed below. These antibodies are polyclonal and are pres-
ent in approximately 85% of patients with generalized disease. Essentially all
patients (98 to 100%) with myasthenia gravis and thymoma are seropositive for
these antibodies [7, 8]. The negative predictive value of thymoma in the absence of
acetylcholine antibodies (binding) is high at 99.7% [8].

The assay for the binding antibody is the most sensitive. One study found these
antibodies in 93, 88, and 71% of individuals with moderate to severe generalized
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myasthenia gravis, mild generalized myasthenia, and ocular myasthenia, respec-
tively [9]. Others have found binding AChR-AD in 80 to 90% of those with general-
ized disease [2, 10, 11] and in 40 to 55% of those with ocular myasthenia. Binding
AChR antibodies are measured by standard radioimmunoassay and are highly spe-
cific for MG. There are virtually no false-positive results in healthy or disease-
matched populations [12-14]. There are rare false positives in low titers in
Lambert-Eaton myasthenic syndrome (5%), motor neuron disease (3—5%), and
polymyositis (<1%) [9, 14, 15]. They are also rarely seen in some disorders that are
not usually confused with myasthenia: primary biliary cholangitis, systemic lupus
erythematosus, thymoma without myasthenia, and in first-degree relatives of
patients with myasthenia gravis [16, 17].

Blocking AChR-Ab are present in about half of patients with generalized dis-
ease. They are present in fewer than 1% of patients with negative binding antibod-
ies, but they have no significant false positives.

Assays for modulating AChR-AD increase the sensitivity by <5% when added to
the binding studies [11], and false-positive results are more of a problem [17].

Binding antibody studies are sufficient in most circumstances. The blocking and
modulating antibody assays add relatively little to the diagnostic sensitivity [14].
However, the demonstration of blocking antibodies may be helpful if a possible
false-positive binding antibody result is suspected.

AChR-AD titers correlated poorly with disease severity between patients. A low-
titer or even antibody-negative patient may have much more severe clinical disease
than a patient with high titers. However, in an individual patient, the titers tend to
fall with successful immunotherapy, and they parallel clinical improvement.

Ideally, serologic testing for AChR-Ab should be performed prior to initiating
immunomodulating therapy for myasthenia gravis, as such therapy can sometimes
lead to apparent seronegativity [11]. In one cohort of 143 seropositive patients, 9%
became seronegative after treatment when retested in clinical remission. In addition,
repeat serologic testing 6—12 months after initial testing has been reported to detect
positive seroconversion in approximately 15% of patients with myasthenia gravis
who were initially seronegative [11, 18].

MuSK antibodies Antibodies to the muscle-specific receptor tyrosine kinase
(MuSK) are present in 38-50% of those with generalized myasthenia gravis who
are AChR-Ab negative [11, 19-25]. MuSK is a receptor tyrosine kinase that
mediates agrin-dependent AChR clustering and neuromuscular junction formation
during development. MuSK antibody-positive MG may have a different cause and
pathologic mechanism than AChR-Ab-positive disease [19, 26].

MuSK antibodies are generally not present in those with well-established ocular
MG, but they have been detected in a few cases [27, 28]. Although nearly half of
patients with AChR-Ab-negative myasthenia gravis will have MuSK antibodies,
those with AChR-Ab-positive myasthenia do not have antibodies to MuSK in most
studies to date [19-24]. However, one group found that 11% of patients with AChR-
Ab-positive myasthenia did have antibodies to MuSK as well [29]. MuSK antibod-
ies appear to be much less common in some AChR-Ab-negative myasthenia
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populations, being found in only 1 of 27 Taiwanese patients [30] and O of 17
Scandinavian patients [31].

One consistent finding is that patients with AChR-Ab-negative MG and MuSK
antibodies have a much lower frequency of thymic pathology than patients with
AChR-Ab-positive MG [32-35]. Thymic hyperplasia is frequent in AChR-Ab-
positive myasthenia, but this pathology is much less frequent in the MuSK-Ab-
positive group.

In the appropriate clinical setting (i.e., a patient with the typical clinical features
of myasthenia gravis (see “Clinical features” below) who is AChR-Ab negative),
MuSK antibody testing can clarify the diagnosis and perhaps direct treatment [20].
However, the initial management of clinically apparent MG should be the same for
patients with or without AChR antibodies. This would change only if future studies
find additional therapeutic differences related to MuSK antibody status.

Seronegative myasthenia The term seronegative MG, also called antibody-
negative MG, refers to the 6-12% of patients with myasthenia who have negative
standard assays for both AChR antibodies and MuSK antibodies. The term was
previously used only for those who were AChR antibody negative, regardless of
MuSK antibody status.

Patients with seronegative MG are more likely to have purely ocular disease than
those who are seropositive. There is also a trend for those with generalized sero-
negative MG to have a better outcome after treatment [25].

Seronegative MG is an autoimmune disorder with most of the same features as
seropositive myasthenia gravis [18, 25]. The electrophysiologic findings are identi-
cal. Patients with seronegative MG respond in a similar fashion to pyridostigmine,
plasma exchange, glucocorticoids, and immunosuppressive therapies, as well as
thymectomy.

Newer diagnostic antibody assays may further reduce the percentage of patients
that are considered seronegative. As an example, approximately 50% of patients
with seronegative MG have low-affinity AChR antibodies (also called clustered
AChR antibodies) when tested by a specialized cell-based immunofluorescence
assay. Other studies have demonstrated antibodies against LRP4, an agrin receptor
required for agrin-induced activation of MuSK and AChR clustering and neuromus-
cular junction formation. These antibodies have been found in 2-50% of patients
with seronegative MG. These assays are not commercially available and are not yet
in widespread clinical use.

Electrophysiological Tests

The two principal electrophysiologic tests for the diagnosis of MG are repetitive
nerve stimulation (RNS) study and single-fiber electromyography (SFEMG). RNS
tests neuromuscular transmission. It is performed by stimulating the nerve supra-
maximally at 2-3 Hz. A 10% decrement between the first and the fifth evoked mus-
cle action potential is consistent with a diagnosis of MG. In the absence of the
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decrement, exercise can be used to induce exhaustion of muscles and document
decrement. The test is abnormal in approximately 75% of patients with gMG and
50% of patients with oMG [44, 45].

SFEMG is the most sensitive diagnostic test for MG. It is done by using a special
needle electrode that allows identification of action potentials from individual mus-
cle fibers. It allows simultaneous recording of the action potentials of two muscle
fibers innervated by the same motor axon. The variability in time of the second
action potential relative to the first is called “jitter.” In MG, the jitter will increase
because the safety factor of transmission at the neuromuscular junction is reduced.
SFEMG reveals abnormal jitter in 95-99% of patients with MG if appropriate mus-
cles are examined [44, 45]. Although highly sensitive, increased jitter is not specific
for primary NMJ disease. It may be abnormal in motor neuron disease, polymyosi-
tis, peripheral neuropathy, Lambert-Eaton myasthenic syndrome (LEMS), and other
neuromuscular disorders. However, it is specific for a disorder of neuromuscular
transmission when no other abnormalities are seen on standard needle EMG exami-
nation [42].

Management

Management of MG should be individualized according to patient characteristics
and the severity of the disease. There are two approaches for management of MG
based on the pathophysiology of the disease. The first is by increasing the amount
of ACh that is available to bind with the postsynaptic receptor using an acetylcho-
linesterase inhibitor agent, and the second is by using immunosuppressive medica-
tions that decrease the binding of acetylcholine receptors by antibodies.

There are four basic therapies used to treat MG:

. Symptomatic treatment with acetylcholinesterase inhibitors
. Rapid short-term immunomodulating treatment with plasma exchange (PE) and
intravenous immunoglobulin (IVIg)
3. Chronic long-term immunomodulating treatment with glucocorticoids and other
immunosuppressive drugs
4. Surgical treatment

DN =

Acetylcholinesterase Inhibitors

Acetylcholinesterase inhibitors are the first-line treatment in patients with
MG. Response to treatment varies from marked improvement in some patients to
little or no improvement in others. Acetylcholinesterase inhibitors are used as a
symptomatic therapy and act by increasing the amount of available acetylcholine at
the NMJ [46]. They do not alter disease progression or outcome. Pyridostigmine is
the most commonly used drug. It has a rapid onset of action within 15 to 30 min,
reaching peak activity in about 2 h. The effect lasts for about 3—4 h. The initial oral
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dose is 15-30 mg every 4-6 h and is titrated upwards depending on the patient’s
response. Adverse side effects of pyridostigmine are mostly due to the cholinergic
properties of the drug such as abdominal cramping, diarrhea, increased salivation
and bronchial secretions, nausea, sweating, and bradycardia. Nicotinic side effects
are also frequent and include muscle fasciculation and cramping. High doses of
pyridostigmine exceeding 450 mg daily, administered to patients with renal failure,
have been reported to cause worsening of muscle weakness [47].

Short-Term Immunomodulating Therapies

Plasma exchange (PE) and intravenous immunoglobulin (IVIg) have rapid onset of
action with improvement within days, but this is a transient effect. They are used in
certain situations such as myasthenic crisis and preoperatively before thymectomy
or other surgical procedures. They can be used intermittently to maintain remission
in patients with MG who are not well controlled despite the use of chronic immuno-
modulating drugs.

Plasma Exchange (PE)

PE improves strength in most patients with MG by directly removing AChR from
the circulation [48]. Typically one exchange is done every other day for a total of
four to six times. Adverse effects of PE include hypotension, paresthesias, infec-
tions, thrombotic complications related to venous access, and bleeding tendencies
due to decreased coagulation factors [50].

Intravenous Immunoglobulin Therapy (1Vig)

IVIg are preparations of immunoglobulins isolated from pooled human plasma by
ethanol cryoprecipitation. IVIg is usually administered for 5 days at a dose of 0.4 g/
kg/day. Different doses and schedules involving fewer infusions at higher doses are
also used. The mechanism of action of IVIg is complex. Therapeutic mechanisms
include inhibition of cytokines, competition with autoantibodies, and inhibition of
complement deposition. Interference with the binding of Fc receptor on macro-
phages, Ig receptor on B cells, and interference with antigen recognition by sensi-
tized T cells are other mechanisms [50]. More specific techniques to remove
pathogenic anti-AChR antibodies utilizing immunoadsorption have been developed
recently and offer a more targeted approach to MG treatment. Clinical trials showed
significant reduction of blocking antibodies with concomitant clinical improvement
in patients treated with immunoadsorption techniques [41].

IVIg is considered to be relatively safe, but rare cases of severe complications
such as thrombosis, renal insufficiency, volume overload, and hemolytic anemia are
reported [42].
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Compared to plasma exchange, IVIg is similar in terms of efficacy and complica-
tion rates [43]. However, plasma exchange (PE) has considerable cost advantages
over IVIg with a cost-benefit ratio of 2:1 for treatment of myasthenia gravis [44].

Long-Term Immunotherapies

The goal of immune-directed therapy of MG is to induce a remission or near
remission of the disease.

Corticosteroids

Corticosteroids were the first and most commonly used immunosuppressant medica-
tions in MG. Prednisone is generally used when symptoms of MG are not adequately
controlled by cholinesterase inhibitors alone. Good response can be achieved with
initial high doses which are then tapered to the lowest dose to maintain the response.
Temporary exacerbation can occur after starting high doses of prednisone within the
first 7-10 days and can last for several days [35, 36]. In mild cases, cholinesterase
inhibitors are usually used to manage this worsening. In cases of severe exacerbation,
PE or IVIg can be given before or with corticosteroid therapy to prevent or reduce the
severity of corticosteroid-induced weakness and to induce a more rapid response.
Oral prednisone might be more effective than anticholinesterase drugs in oMG and
should therefore at least be considered in all patients with oMG [37, 38].

Nonsteroidal Inmunosuppressive Agents

Azathioprine, a purine analog, reduces nucleic acid synthesis, thereby interfering
with T- and B-cell proliferation. It has been utilized as an immunosuppressant agent
in MG since the 1970s and is effective in 70-90% of patients with MG [45]. It usu-
ally takes up to 15 months to detect clinical response. When used in combination
with prednisone, it might be more effective and better tolerated than prednisone
alone [49]. Adverse side effects include hepatotoxicity and leukopenia [50]. The
patients being considered for treatment with azathioprine should be screened for
thiopurine methyltransferase (TPMT) deficiency either by plasma levels or genetic
testing. Those people who have low levels of TPMT are at higher risk of adverse
effects from azathioprine and should not receive the drug.

Mycophenolate mofetil selectively blocks purine synthesis, thereby suppressing
both T-cell and B-cell proliferation. Widely used in the treatment of MG, its efficacy
in MG was actually suggested by a few nonrandomized clinical trials [31, 32].

The standard dose used in MG is 1000 mg twice daily, but doses up to 3000 mg
daily can be used. Higher doses are associated with myelosuppression, and com-
plete blood counts should be monitored at least once monthly. The drug is contrain-
dicated in pregnancy and should be used with caution in renal diseases, GI diseases,
bone marrow suppression, and elderly patients [33].

Cyclophosphamide administered intravenously and orally is an effective treat-
ment for MG [34]. More than half of the patients become asymptomatic within
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1 year of treatment. Undesirable side effects include hair loss, nausea, vomiting,
anorexia, and skin discoloration, which limit its use to the management of patients
who do not respond to other immunosuppressive treatments [2].

Cyclosporine blocks the synthesis of IL-2 cytokine receptors and other proteins
critical to the function of CD4+ T cells. Cyclosporine is used mainly in patients who
do not tolerate or respond to azathioprine. Large retrospective studies have sup-
ported its use as a steroid-sparing agent [45].

Tacrolimus has been used successfully to treat MG at low doses. It has the theo-
retical advantage of less nephrotoxicity than cyclosporine. However, there are more
controlled trial data supporting the use of cyclosporine. Like other immunosuppres-
sive agents, tacrolimus also has the potential for severe side effects [2].

MG patients resistant to therapy have been successfully treated with cyclophos-
phamide in combination with bone marrow transplant or with rituximab, a mono-
clonal antibody against the B-cell surface marker CD20 [26].

Etanercept, a soluble and a recombinant tumor necrosis factor (TNF) receptor
blocker, has also been shown to have steroid-sparing effects in studies on small
groups of patients [2, 27].

Surgical Management

Thymectomy Surgical treatment is strongly recommended for patients with thy-
moma. The clinical efficacy of thymectomy for patients with autoimmune MG
without thymoma has been questioned because the evidence supporting its use has
not been demonstrated in randomized controlled trials. However, many case reports
and series suggest that thymectomy is also of benefit in generalized autoimmune
MG, especially when performed in younger patients. The benefit of thymectomy
evolves over several years. Thymectomy is advised as soon as the patient’s degree
of weakness is sufficiently controlled to permit surgery. Patients undergoing surgery
are usually pretreated with low-dose glucocorticoids and IVIg or PE. Thymectomy
may not be a viable therapeutic approach for anti-MuSK antibody-positive patients
because their thymus glands lack the germinal centers and infiltrates of lympho-
cytes that characterize thymi in patients who have anti-AChR antibodies. This sup-
ports a different pathologic mechanism in anti-MuSK-Ab-positive and
anti-AChR-Ab-positive MG [78, 79]. Most experts still consider thymectomy to be
a therapeutic option in anti-AChR-Ab-positive generalized MG with disease onset
before the age of 50 years [2].

Prognosis

Given current treatment, which combines cholinesterase inhibitors, immunosup-
pressive drugs, PE, IVIg, immunosuppressive therapy, and supportive care in an
intensive care unit (ICU) setting (when appropriate), most patients with MG have a
near-normal life span. Mortality is now 3-4%, with principal risk factors being age
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older than 40 years, short history of progressive disease, and thymoma. Prior to
modern therapies, the mortality from MG was as high as 30-40%. Fortunately, in
most cases the term “gravis” is no longer applicable to most patients.

Morbidity results from intermittent impairment of muscle strength, which may
cause aspiration, increased incidence of pneumonia, falls, and even respiratory fail-
ure if not treated [14]. In addition, the medications used to control the disease may
produce adverse effects.

Today, the only terribly feared condition arises when the weakness involves the
respiratory muscles. Weakness might become so severe as to require ventilatory
assistance. Those patients are said to be in myasthenic crisis.

The disease frequently presents (40%) with only ocular symptoms. However, the
EOMs are almost always involved within the first year. Of patients who show only
ocular involvement at the onset of MG, only 16% still have exclusively ocular dis-
ease at the end of 2 years.

In patients with generalized weakness, the nadir of maximal weakness usually is
reached within the first 3 years of the disease. As a result, half of the disease-related
mortality also occurs during this period. Those who survive the first 3 years of dis-
ease usually achieve a steady state or improve. Worsening of disease is uncommon
after 3 years.

Thymectomy results in complete remission of the disease in a number of patients.
However, the prognosis is highly variable.

A retrospective study of 38 patients with MG indicated that the disease, particu-
larly late-onset MG, is associated with a high risk for cancers outside of the thymus,
whether or not the patient also has thymoma [16]. Extrathymic neoplasms occurred
in 12 of the study patients. All of these tumors were solid and heterogeneous to their
organ of origin. Some of the tumors were diagnosed before and some after the
patients were diagnosed with MG.

Altogether the tumors represented nine different types of neoplasm, as follows:

* Two each of squamous cell carcinoma of the mouth, invasive bladder cancer, and
prostate adenocarcinoma

* One each of basal cell skin cancer; lung, gastric, breast, and colon adenocarci-
noma; and renal cell cancer

The only statistically significant variable among the patients was age, with the
extrathymic tumors being found only in patients over 50 years. None of the patients
with these neoplasms had thyroid disease or an autoimmune disease other than MG.

Congenital Myasthenic Syndromes

Congenital myasthenic syndromes (CMS) are characterized by fatigable weakness
of skeletal muscle (e.g., ocular, bulbar, limb muscles) with onset at or shortly after
birth or in early childhood. Rarely symptoms may not manifest until later in child-
hood. Cardiac and smooth muscles are not involved. Severity and course of disease
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are highly variable, ranging from minor symptoms to progressive disabling weak-
ness. In some subtypes of CMS, myasthenic symptoms may be mild, but sudden
severe exacerbations of weakness or even sudden episodes of respiratory insuffi-
ciency may be precipitated by fever, infections, or stress. Major findings of the
neonatal onset subtype include feeding difficulties; poor suck and cry; choking
spells; eyelid ptosis; and facial, bulbar, and generalized weakness. In addition
arthrogryposis multiplex congenita may be present, and respiratory insufficiency
with sudden apnea and cyanosis may occur. Later childhood onset subtypes show
abnormal muscle fatigability with difficulty in activities such as running or climbing
stairs; motor milestones may be delayed; fluctuating eyelid ptosis and fixed or fluc-
tuating extraocular muscle weakness are common presentations.

Diagnosis/Testing

The diagnosis of CMS is based on clinical findings, a decremental EMG response
of the compound muscle action potential (CMAP) on low-frequency (2-3 Hz) stim-
ulation, absence of anti-acetylcholine receptor (AChR) and anti-MuSK antibodies
in the serum, and lack of improvement of clinical symptoms with immunosuppres-
sive therapy. Mutations in one of multiple genes encoding proteins expressed at the
NMIJ are currently known to be associated with subtypes of CMS, including the
genes encoding different subunits of the acetylcholine receptor:

* CHRNE (¢AChR subunit)

* CHRNAI1 (¢AChR subunit)

e CHRNBI (BAChHR subunit)

e CHRND (SAChR subunit)

* AGRN encoding agrin

* CHAT encoding choline O-acetyltransferase

* COLQ encoding acetylcholinesterase collagenic tail peptide

* DOKT7 encoding protein Dok-7

* GFPT1 encoding glucosamine-fructose-6-phosphate aminotransferase 1
* MUSK encoding muscle, skeletal receptor tyrosine protein kinase

* RAPSN encoding rapsyn (43-kd receptor-associated protein of the synapse)
* SCN4A encoding the sodium channel protein type 4 subunit alpha

Management

Treatment of manifestations: Most individuals with CMS benefit from acetylcholin-
esterase (AChE) inhibitors and/or the potassium channel blocker 3,4-diaminopyridine
(3,4-DAP); however, caution must be used in giving 3,4-DAP to young children and
individuals with fast-channel CMS (FCCMS). Individuals with COLQ and DOK?7
mutations usually do not respond to long-term treatment with AChE inhibitors.
Some individuals with slow-channel CMS (SCCMS) are treated with quinidine,
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which has some major side effects and may be detrimental in individuals with ace-
tylcholine receptor (AChR) deficiency. Fluoxetine is reported to be beneficial for
SCCMS. Ephedrine and albuterol have been beneficial in a few individuals, espe-
cially as a therapeutic option for those with DOK7 or COLQ mutations.

Prevention of primary manifestations: Prophylactic anticholinesterase therapy to
prevent sudden respiratory insufficiency or apneic attacks provoked by fever or
infections in those with mutations in CHAT or RAPSN. Parents of infants are
advised to use apnea monitors and be trained in CPR.

Agents/circumstances to avoid: Drugs known to affect neuromuscular transmis-
sion and exacerbate symptoms of myasthenia gravis (e.g., ciprofloxacin, chloro-
quine, procaine, lithium, phenytoin, beta-blockers, procainamide, quinidine).

Evaluation of relatives at risk: If the disease-causing mutations in the family are
known, molecular genetic testing can be used to clarify the genetic status of at-risk
asymptomatic family members, especially newborns or young children, who could
benefit from early treatment to prevent sudden respiratory failure.

Genetic Counseling

Congenital myasthenic syndromes are inherited in an autosomal recessive or, less
frequently, autosomal dominant manner.

In autosomal recessive CMS (AR-CMS), the parents of an affected child are
obligate heterozygotes and therefore carry one mutant allele. Heterozygotes (carri-
ers) are asymptomatic. At conception, each sibling of an affected individual has a
25% chance of being affected, a 50% chance of being an asymptomatic carrier, and
a 25% chance of being unaffected and not a carrier.

In autosomal dominant CMS (AD-CMS), some individuals have an affected par-
ent, while others have a de novo mutation. The proportion of cases caused by de
novo mutations is unknown. Each child of an individual with AD-CMS has a 50%
chance of inheriting the mutation.

Prenatal testing for pregnancies at increased risk is possible through laboratories
offering either testing for the gene of interest or custom testing.

The Future and Myasthenia

Complement inhibition is an attractive therapeutic approach for MG because it is
effective in RODENT EAMG (e.g., ref. 24).

Moreover, anti-C5 inhibitors show short-term safety and are effective in a variety
of human disorders, including myocardial infarction [10], coronary artery bypass
graft surgery [11], and lung transplantation [12]. Thus, therapeutic approaches based
on inhibition of complement activation will likely be tried for MG in the future.

However, the ultimate goal for MG treatment is to eradicate the rogue anti-AChR
autoimmune response specifically and reestablish tolerance to the AChR without
affecting the other functions of the immune system or causing other adverse effects.
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Such targeted immunosuppressive approaches are still far from clinical use.
However, their success in EAMG suggests that approaches for specific modulation
of the autoimmune anti-AChR response may become part of MG patient care in the
next decade. We will summarize here the different approaches that have proven suc-
cessful for the prevention and treatment of EAMG induced by immunization with
AChR. We will also analyze the possible technical and biological limitations to their
application for the treatment of human MG.

Approaches that have proven successful in rodent EAMG include the following:
(a) administration of AChR or parts of its sequence in a manner known to induce
tolerance; (b) depletion of AChR-specific B cells or T cells; and (c) interference
with formation of the complex between MHC class II molecules, epitope peptide,
T-cell receptor, and CD4 molecule.

Antigen presentation under special circumstances may lead to antigen-specific
tolerance in adult animals rather than activated CD4* T cells. Earlier studies showed
that in rats, presentation of AChR epitopes by unsuitable APCs (fixed B cells that
had been incubated with AChR under conditions favoring AChR uptake and pro-
cessing) caused unresponsiveness of the AChR-specific CD4* T cells to further
stimulation with AChR [13]. More recently, several studies have demonstrated that
DCs, especially after treatment with TGF-f, IFN-y, or IL-10, when injected into rats
with developing or ongoing EAMG, suppressed or ameliorated the myasthenic
symptoms [14-16]. The effect was correlated with a reduced production of anti-
AChR Abs without a reduced proliferative response of T cells to the
AChR. Approaches based on the use of tolerance-inducing APCs, which should
present all AChR epitopes and therefore influence all AChR-specific T cells, might
be useful for the treatment of MG. Should pulsing of the APCs with human AChR
be needed, biosynthetic human AChR subunits could be used as antigens.

Mucosal or subcutaneous administration of AChR or synthetic or biosynthetic
AChR peptides to rodents—approaches known to induce antigen-specific tolerance
in adult animals—prevented or delayed EAMG development [19]. Depending on
the dose of the antigen administered, anergy/deletion of antigen-specific T cells (at
high doses) and/or expansion of cells producing immunosuppressive cytokines
(TGF-B, IL-4, IL-10) (at low doses) are major mechanisms in mucosal tolerance
induction. The use of mucosal toleration procedures in human MG, however, is
problematic because those procedures can be a double-edged sword [20]; they
reduce AChR-specific CD4* T-cell responses but may also stimulate AChR-specific
B cells to produce Abs, thereby worsening the disease. Also, a large amount of
human AChRs would be required, which may be difficult to obtain.

Conjugates of a toxin with AChR or synthetic AChR sequences, when adminis-
tered to animals with EAMG, eliminated B cells producing anti-AChR Abs [21].
This is probably because the AChR moiety of the conjugate docks onto the membrane-
bound Abs of AChR-specific B cells, which can then be killed by the toxic domain.
This approach has two caveats. First, the toxin may damage other cells. Second,
anti-AChR CD4* T cells can recruit new B cells to synthesize more anti-AChR Abs.

AChR-specific CD4* T cells can be specifically eliminated in vitro by APCs
genetically engineered to express relevant portions of the AChR, Fas ligand (to
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eliminate the activated AChR-specific T cells with which they interact), and a por-
tion of Fas-associated death domain, which prevents self-destruction by the Fas
ligand [22]. It is not known yet whether this strategy can be safely used to modulate
EAMG in vivo.

Activation of CD4* T cells requires interaction and stable binding of several pro-
teins on the surfaces of the CD4* T cell and of the APC. In experimental systems,
interfering with formation of this complex usually reduced the activity of autoimmune
CD4* T cells. This may be obtained by administering or inducing Abs that recognize
the binding site for the antigen of the T-cell receptor (known as T-cell vaccination)
[23]. T-cell vaccination is already used in clinical trials for the treatment of multiple
sclerosis, rheumatoid arthritis, and psoriasis [24]. It is effective in EAMG, and it is a
promising future strategy for the treatment of MG [24]. The mechanisms of action of
T-cell vaccination are complex, and they likely include the induction of modulatory
CD4* and CD8* T cells [24]. Another approach used synthetic peptide analogs of an
epitope recognized by autoimmune CD4* T cells that bind the MHC class II mole-
cules but cannot stimulate the specific CD4* cells. These are known as altered peptide
ligands (APLs). APLs compete with peptide epitopes derived from the autoantigen,
thereby turning off the autoimmune response. APLs might also stimulate modulatory
anti-inflammatory CD4* T cells or anergize the pathogenic CD4* T cells [25]. The
rich epitope repertoire of anti-AChR CD4* T cells in MG patients reduces the thera-
peutic potential of approaches that interfere with activation of specific CD4* T cells;
targeting only a few epitopes may not significantly reduce the anti-AChR response.
Moreover, these treatments are likely to produce only transient improvement that
ceases when administration of the anti-T-cell Ab is discontinued.

MG and EAMG have offered unique opportunities to investigate the molecular
mechanisms of an Ab-mediated autoimmune disease. Many factors have contrib-
uted to making MG the best understood human autoimmune disease. These include
the simplicity of the pathogenic mechanism in MG, where NMJ failure explains all
symptoms; the deeper understanding of the structure and the function of the NMJ
and its molecular components, most notably, the AChR; and the increasing under-
standing of the mechanisms that modulate immune responses and maintain toler-
ance. Hopefully increasing knowledge of the immunobiology of MG will form a
foundation for designing new and specific therapeutic approaches aimed at curbing
the rogue autoimmune response and reestablishing immunological tolerance with-
out interfering with the other immune functions.

If this expectation is fulfilled, MG, which has been a benchmark to understand-
ing autoimmunity in humans, will become a reference point for the design of spe-
cific immunosuppressive treatments of other autoimmune Ab-mediated diseases.
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Robert N. Schwendimann

Introduction

In 1975, Bohan and Peter described clinical features of polymyositis and dermatomyo-
sitis. They stated: “polymyositis is an inflammatory myopathy of unknown cause to
which the term dermatomyositis is applied in the presence of the characteristic skin
rash” [4]. Today we know that DM is not simply PM with a rash. While they share
certain characteristics clinically, they differ greatly in their pathophysiology, histology,
and immunology. More recently, sporadic inclusion body myopathy (IBM) and auto-
immune necrotizing myopathy (NM) have been added to this group of idiopathic
inflammatory myopathies (IIM). IBM and NM also share common characteristics with
DM and PM but differ somewhat in their clinical presentations. IBM also differs greatly
from the other IIMs in treatment. DM, PM, and NM are extremely important because
they are potentially treatable. This review will recount the clinical features of these
myopathies along with an approach to diagnosis and treatment. It will also amplify
what is known about IBM and autoimmune necrotizing myopathy as far as clinical
presentation, diagnostic features, immunological features, treatment, and prognosis.

The clinical feature common to all of these disorders includes weakness, primarily
of proximal muscles. Patients with DM, PM, and NM typically complain of difficulty
arising from a chair, going up or down stairs, or working with their arms above their
heads. Neck weakness and difficulty in swallowing are quite common as well. Usually
the extraocular muscles are spared, and respiratory difficulties are uncommon except
in severe and/or acute cases. The pattern of weakness is somewhat different in IBM
where distal finger and wrist weakness occurs along with proximal weakness in the
quadriceps muscles. Early atrophy in these muscles often occurs with IBM. Myalgias
may occur in all of these, but pain is more common in NM [2, 5, 6, §].
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Dermatomyositis

The onset of weakness in DM is usually acute to subacute, worsening over several
weeks. It is more common in females than males. The weakness is proximal and
typically symmetrical. Difficulty with swallowing and with speech may occur along
with neck weakness sometimes leading to head drop. A characteristic purplish-
colored (heliotrope) skin rash occurs over the eyelids and upper chest (in a V-pattern
if anterior and in a shawl pattern if posterior), the dorsal metacarpal and interphalan-
geal joints, and the extensor surface of the elbows, knuckles (Gottron papules),
knees, and ankles. The nails may be involved and show dilated capillary loops at the
base of the nails [2, 5, 6, 8]. In children, the rash may be more severe and there can
sometimes be subcutaneous calcifications. About 6% of patients have no skin abnor-
malities. There is also a small group of patients that have skin manifestations of DM
with no evidence of muscular involvement [5]. Other systemic manifestations include
interstitial lung disease, cardiac abnormalities, and malignancies. Malignancies
include lung, ovarian, and various GI cancers (pancreas, stomach, colon/rectal).
Juvenile DM is associated with a high incidence of leukemia and lymphoma [13].

Evaluation after neuromuscular examination includes screening laboratory stud-
ies considering other causes of muscle weakness, including the muscular dystro-
phies, metabolic myopathies (Pompe’s disease, McArdle’s disease), mitochondrial
myopathies, and thyroid-related myopathies. An acute or subacute onset is much
more typical of inflammatory myopathy [10]. The creatine kinase (CK) and aldolase
levels are typically elevated, up to 50 times the upper limit of normal, though nor-
mal values can also occur. Electrodiagnostic studies reveal normal nerve conduction
velocities. The needle electrode exam acutely shows evidence of “myopathic”
motor units with brief duration, low amplitude, polyphasic units. EMG also shows
evidence of increased insertional activity with spontaneous positive waves and
fibrillations seen prominently. There is early recruitment of motor units. Complex
repetitive discharges may be identified. This activity may occur in any muscle,
including paraspinous groups. The EMG may be helpful in identifying muscle suit-
able for biopsy [2, 5, 6, 8]. Magnetic resonance imaging of the muscle may show
changes suggesting active inflammation, edema, and fatty infiltration. It can also
help in identifying muscles suitable for biopsy [11]. Muscle biopsy shows evidence
of perivascular, perimysial, and perifascicular inflammation. There is deposition of
membrane attack complex (MAC) around small blood vessels that is seen early.
Inflammatory infiltrates consist of macrophages, B cells, and CD4+ plasmacytoid
dendritic cells. There is evidence of perifascicular atrophy (which is the classic
pathological finding in DM) and decrease in capillary density at the periphery of the
fascicle. Invasion of non-necrotic muscle fibers is not prominent in DM. Electron
microscopy has shown tubuloreticular inclusions in the intramuscular arterioles and
capillaries (Fig. 12.1a—e) [2, 5, 6, 8].

A number of myositis-specific antibodies may be associated with both DM and,
in some cases, PM. Anti-Mi-2 autoantibody is associated with classical DM associ-
ated with typical skin lesions. Its presence is associated with a good response to
treatment and a lower incidence of underlying cancer. The anti-TIF-1 gamma
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(transcriptional intermediary factor 1) antibody is predictive of malignancy. NXP-2
(nuclear matrix protein 2) may be positive in younger patients with subcutaneous
calcinosis but also suggests a high incidence of malignancy. The anti-Jo antibody
(anti-histidyl-transfer RNA synthetase) occurs in both PM and DM. Patients with
this antibody may develop an anti-synthetase syndrome consisting of fever, arthral-
gia, Raynaud’s phenomena, interstitial lung disease, seronegative arthritis, mechan-
ics hands (roughening and cracking of skin), and a rash that differs from the typical
rash of DM. Interstitial lung disease is common, seen in 75-90% of cases [3].

The cause of DM is not known, but there appears to be an autoimmune pathogen-
esis. Membrane attack complex is activated and is deposited on endothelial cells.
This leads to necrosis and reduction of endomysial capillaries and ischemia. There
is muscle fiber destruction that resembles microinfarcts. The hypoperfusion related
to these changes leads to the perifascicular atrophy seen in tissue biopsies. Release
of proinflammatory cytokines upregulates adhesion molecules on endothelial cells.
This facilitates migration of B cells, CD+4 T cells, and plasmacytoid dendritic cells
to perimysial and endomysial spaces. There are also molecular biomarkers of type
1 interferon in both muscle and skin of patients with DM [3, 8].

Polymyositis

The clinical symptoms of polymyositis (PM) are very much the same as those seen in
DM. PM usually affects a slightly older age group and is unlikely to occur in children.
Like DM, it is more common in females. There is no rash. PM has become a term to
describe inflammatory myopathies that are not DM or sporadic inclusion body myop-
athy or some other myopathic disorder such as a muscular dystrophy. Patients sus-
pected of PM also have proximal muscle weakness as seen in other inflammatory
myopathies. There are elevations in CK values and electrodiagnostic studies are con-
sistent with those seen in a myopathic process. Patients with PM may also have evi-
dence of anti-synthetase syndrome with positive anti-Jo antibodies. Associated
malignancies also occur in association with PM. Muscle biopsy shows variability of
fiber size and evidence of endomysial inflammation with cellular infiltrates that are
primarily CD8+ cytotoxic T cells and macrophages. These cells may be seen invad-
ing non-necrotic muscle fibers that express major histocompatibility complex (MHC)
class 1 antigen. Normal muscle fibers do not express this antigen. There are no vacu-
oles. MHC expression is probably induced by cytokines secreted by active T cells.
These include IL1, IL-6, and IL-15. The triggering mechanism of these changes is
unknown though viral infections have been suspected as a cause [2, 5, 6, 8].

Inclusion Body Myositis

Sporadic inclusion body myositis (sSIBM) is much more common in males and typi-
cally affects an older age group. The age-adjusted prevalence in people over 50 years
of age is 3.5/100,00 making it the most common inflammatory myopathy in this age
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group. IBM is characterized by slowly progressive weakness in the distal upper
extremities and in the proximal lower extremities. There is often early weakness and
atrophy in the quadriceps group that makes stair climbing and arising from a seated
position difficult. This is followed by distal weakness in the arms that usually
involves finger and wrist flexors more than finger and wrist extensor muscles. This
pattern of weakness is considered by most to be pathognomonic for diagnosis of
IBM. Difficulty in swallowing occurs in up to 70% of patients [7].

Diagnosis of IBM involves a clinical performance of the usual testing done in
myopathic diseases. The level of CK may be elevated, but may also be normal.
Electrodiagnostic studies usually show normal nerve conduction tests though there
may be evidence of a mild axonal sensory polyneuropathy. Needle electrode exams
show changes suggesting myopathy, though there can also be evidence of motor
unit potentials that appear neurogenic (higher amplitude, longer duration, polypha-
sia). This finding is due to reinnervation of denervated fibers and split muscle fibers.
The MRI in IBM shows more pronounced muscle atrophy than inflammation or
edema. The anterior muscle groups of the arms and the legs are affected. Another
distinctive feature is severe fatty atrophy of the medial gastrocnemius and relative
sparing of the rectus femoris. Muscle biopsy shows changes that are similar to those
seen in polymyositis: evidence of endomysial inflammation. The inflammatory cells
involved are CD8+ T cells that invade non-necrotic muscle fibers. These cells
express MHC class I antigen as well. In addition to these changes, there are chronic

»
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Fig. 12.1 Dermatomyositis: A complement-mediated microangiopathy. Panel a shows a cross
section of a hematoxylin and eosin-stained muscle biopsy sample with classic dermatomyositis
perifascicular atrophy (layers of atrophic fibers at the periphery of the fascicle [arrows]) and some
inflammatory infiltrates. Panel b shows the deposition of complement (membranolytic attack com-
plex, in green) on the endothelial cell wall of endomysial vessels (stained in red with Ulex euro-
paeus lectin), which leads to destruction of endothelial cells (shown in orange, indicating the
superimposition of red and green). Consequently, in the muscles of patients with dermatomyositis
(shown in Panel ¢), as compared with a myopathic control (Panel d), the density of the endomysial
capillaries (in yellow-red) is reduced, especially at the periphery of the fascicle, with the lumen of
the remaining capillaries dilated in an effort to compensate for the ischemic process. 1,2 Panel e
shows a schematic diagram of a proposed immunopathogenesis of dermatomyositis. Activation of
complement component 3 (C3) (probably triggered by antibodies against endothelial cells) is an
early event leading to the formation of C3b, C3bNEO, and membrane attack complexes (MACs),
which are deposited on the endothelial cell wall of the endomysial capillaries; this results in the
destruction of capillaries, ischemia, or microinfarcts, which are most prominent in the periphery of
the fascicles, as well as in perifascicular atrophy. Cytokines released by activated complement lead
to the activation of CD4+ T cells, macrophages, B cells, and CD123+ plasmacytoid dendritic cells;
enhance the expression of vascular-cell adhesion molecules (VCAMs) and intercellular adhesion
molecule (ICAM) on the endothelial cell wall; and facilitate lymphoid cell transmigration to endo-
mysial tissue through the action of their integrins, late activation antigen (VLA)-4, and lymphocyte
function-associated antigen (LFA)-1, which bind VCAM-1 and ICAM-1. The perifascicular
regions contain fibers that are in a state of remodeling and regeneration (expressing TGF-f,
NCAM, and Mi-2), cell stress (expressing heat shock protein 70 [HSP70] and HSP90), and
immune activation (expressing major histocompatibility complex [MHC] class I antigen, chemo-
kines, and STAT1), as well as molecules associated with innate immunity (such as MxA, ISG15,
and retinoic acid-inducible gene 1 [RIG-1]) (The figure and legend obtained from Dalakas [6]
Copyright permission obtained)
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changes with increased connective tissue and varied fiber size. Muscle fibers with
rimmed vacuoles that are lined with granular material that stains bluish-red on
hematoxylin and eosin (H&E) stain and modified Gomori trichrome stain are a
hallmark of IBM. “Ragged red” or cytochrome oxidase negative fibers represent
abnormal mitochondria. Congophilic amyloid deposits are best visualized with
crystal violet or fluorescent optics. Some of these features may be absent on biopsy
material and may falsely lead to a diagnosis of polymyositis. A poor response to
treatment for polymyositis may lead to repeat biopsies in order to look more dili-
gently for the pathological features of IBM (Fig. 12.2a—e) [2, 5-8].

IBM has features of both an autoimmune disease and a degenerative disease
highlighted by the congophilic amyloid deposits seen in some muscle fibers. These
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deposits react immunologically against amyloid pr-42 precursor protein, amyloid
beta-42, apolipoprotein E, alpha-synuclein, presenilin, ubiquitin, and phosphory-
lated tau, similar to what is seen in Alzheimer’s disease [5, 6, 8].

Immune-Mediated Necrotizing Myopathy

This type of myopathy has recently been added to the previously discussed inflam-
matory myopathies. It is felt to be a distinct myopathy that is immune mediated. It
represents up to 20% of all inflammatory myopathies and occurs more frequently
than polymyositis. It can affect any age group but usually occurs in adults. Clinically,
the onset is similar to DM and PM with symptoms of proximal muscle weakness
that progresses over days to weeks. Muscle pain may be more prominent than in
other myopathies. Necrotizing myopathy often occurs in association with other
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connective tissue diseases such as scleroderma or mixed-connective tissue disease.
It may occur following viral infections or in association with cancer (GI tract adeno-
carcinomas, small cell carcinoma of the lung). Onset may coincide with use of statin
drugs to lower cholesterol. The myopathy may persist following withdrawal of the
statin [2, 5, 6]. These cases are often associated with antibodies against signal rec-
ognition particle (SRP) or 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMGCR) [11].

Diagnostic findings are similar to other myopathies. The creatine kinase is often
very high, up to 50 times the upper limit of normal in acute stage. EMG shows typi-
cal changes associated with myopathy and is not significantly different from changes
in DM and PM. It is important to screen for other autoimmune disorders with appro-
priate testing and to also carefully screen for underlying cancers. Presence of anti-
signal recognition particle (anti-SRP) antibody may be associated with a dilated
cardiomyopathy that may not respond to usual treatment with immunosuppressants.
Positive HMGCR antibodies may be found in patients who have taken statin drugs
[11]. These antibodies are not present in patients whose muscle symptoms have
improved after cessation of the statin. MRI of muscles may reveal evidence of
inflammation and edema. MRI of muscles, particularly the vastus lateralis, vastus
medialis, and medial head of the gastrocnemius, soleus, and anterior tibial muscles,
shows hyperintensity of short tau inversion recovery images (STIR) that is associ-
ated with fatty infiltration [9].

<
<

Fig. 12.2 Main inflammatory features of polymyositis, inclusion body myositis, and necrotizing
autoimmune myositis and a proposed immunopathogenic scheme for polymyositis and inclusion
body myositis. Panels a and b show cross sections of hematoxylin and eosin-stained muscle biopsy
samples from a patient with polymyositis (Panel a) and a patient with inclusion body myositis
(Panel b), in which scattered inflammatory foci with lymphocytes invading or surrounding healthy-
appearing muscle fibers are visible. In inclusion body myositis, there are also chronic myopathic
features (increases in connective tissue and atrophic and hypertrophic fibers) and autophagic vacu-
oles with bluish-red material, most prominent in fibers not invaded by T cells (arrow). In both
polymyositis and inclusion body myositis, the cells surrounding or invading healthy fibers are
CD8+ T cells, stained in green with an anti-CD8+ monoclonal antibody (Panel c¢); also visible is
widespread expression of MHC class I, shown in green in Panel d, even in fibers not invaded by T
cells. In contrast, in necrotizing autoimmune myositis (a cross section stained with trichrome is
shown in Panel e), there are scattered necrotic fibers invaded by macrophages (Panel f), which are
best visualized with an acid phosphatase reaction (in red). Panel g shows a proposed mechanism
of T cell-mediated muscle damage in polymyositis and inclusion body myositis. Antigen-specific
CD8+ cells, expanded in the periphery and subsequently in the endomysium, cross the endothelial
cell wall and bind directly to aberrantly expressed MHC class I on the surface of muscle fibers
through their T cell receptors, forming the MHC-CDS8 complex. Upregulation of costimulatory
molecules (BB1 and ICOSL) and their ligands (CD28, CTLA-4, and ICOS), as well as ICAM-1 or
LFA-1, stabilizes the synaptic interaction between CD8+ cells and MHC class I on muscle fibers.
Regulatory Th17 cells play a fundamental role in T cell activation. Perforin granules released by
the autoaggressive T cells mediate muscle fiber necrosis. Cytokines, such as interferon-vy, interleu-
kin-1, and tumor necrosis factor (TNF) released by the activated T cells, may enhance MHC class
T upregulation and T cell cytotoxicity. Activated B cells or plasmacytoid dendritic cells are clonally
expanded in the endomysium and may participate in the process in a still-undefined role, either as
antigen-presenting cells or through the release of cytokines and antibody production (The figure
and legend obtained from Dalakas [6] Copyright permission obtained)
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Muscle biopsy shows evidence of muscle necrosis with macrophages surround-
ing the necrotic fibers. Unlike PM and IBM, no CD8+ cells or vacuoles are seen.
Non-necrotic fibers may express MHC-1 and membrane attack complex deposition
[2,5,6].

Treatment of Inflammatory Myopathies

The treatment of DM, PM, and necrotizing myopathy is quite similar and can be
considered together. Inclusion body myopathy does not respond to these treatments.
Corticosteroids are considered first-line treatment. While there are different ways to
begin therapy, usually high-dose therapy at 0.75—1.5 mg/kg per day orally is started
[2,5,6,8, 12].

Dermatomyositis, polymyositis, and necrotizing myopathy usually respond to
treatment with immunosuppressants. There are no recognized effective treat-
ments for IBM at the present time. Treatment with high-dose oral corticosteroids
is usually the first-line treatment for DM, PM, and necrotizing myopathy. In
severe cases, high-dose IV steroids can be administered (methylprednisolone
1000 mg/day for 3 days). Treatment with steroids and other immunosuppressants
is based on experience rather than controlled trials. Typical treatment begins with
oral prednisone at 1 mg/kg up to 100 mg a day for 4-6 weeks or until muscle
strength improves and the CK values have normalized. It is best to judge the
results of treatment on improvement in strength rather than the CK values how-
ever. Each treating physician may have his/her protocol as to how the prednisone
should be tapered, but a reduction in dose by 10 mg every 4 weeks until the
patient is taking 20 mg daily is one way to taper the drug. Once the 20 mg dose is
reached, dose should be further reduced by 5 mg daily every 4 weeks until a dose
of 10 mg per day is reached. Further reduction by 2.5 mg/day every 4 weeks is
then initiated though most patients will require a small maintenance dose long
term. An alternate day regimen may be helpful in lessening some of the side
effects of the prednisone. It is good practice to obtain a bone density scan prior to
initiating corticosteroid therapy. Repeat scans should be performed on a yearly
basis. Other recommendations include calcium and vitamin D supplements or
treatment with a bisphosphonate. Patients should be instructed to eat a low
sodium, high protein, low carbohydrate diet. Blood sugar and potassium levels
should be monitored.

Other first-line therapies include physical and occupation therapy and speech
and swallowing evaluations [2, 5, 6, 8, 12].

There are numerous second-line therapies for these myopathies as well.
Methotrexate in doses ranging from 7.5 to 25 mg per week is often the first of these
to be considered. Renal function, liver enzymes, and complete blood counts should
be monitored. Patients should receive supplemental folate therapy along with the
methotrexate. Since methotrexate can cause pulmonary fibrosis, it should be avoided
in patients with interstitial lung disease or who demonstrate presence of anti-Jo
antibodies [5].
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Other second-line drugs include azathioprine, mycophenolate mofetil, cyclospo-
rine, tacrolimus, and rituximab. All have been reported to be useful treatments. In
refractory patients, intravenous immunoglobulin (IVIg) at 2 mg/kg/day over
3-5 days has been reported to be beneficial. There are various approaches to the use
of these drugs that will not be discussed [12].

Treatment of Inclusion Body Myositis

At the present time, there are no effective drug treatments for IBM. The usual treat-
ments for other inflammatory have all been tried, but none have been of any thera-
peutic benefit. These treatments have included prednisone, azathioprine, IVIg,
methotrexate, lithium, beta-interferon, and many others. There are current trials with
the monoclonal antibody bimagrumab (BYM338) that inhibits activin type II recep-
tors that have the effect of inhibiting muscle atrophy. This treatment has been shown
to cause an increase in thigh muscle mass measured with MRI in a small group of
patients. Follistatin is a myostatin inhibitor that has the potential to increase muscle
mass. Other trials with arimoclomol, etanercept, and alemtuzumab have been com-
pleted though results of the trials are not published [1, 7, 12]. Further information
about drug trials can be obtained through the website, Clinicaltrials.gov.

Current therapy of IBM is supportive. There is evidence that exercise can be
facilitated by physical and occupation therapists. The major goal is to maintain
strength and prevent falls. The use of assistive devices and orthoses may help in
achieving these same goals [5].

Summary

What was generally felt to be one inflammatory myopathy 40 years ago are now
recognized to be four distinct diseases today. While there are common features from
a clinical standpoint, they are different in their histology and pathology. There are
also differences in the response to therapy. The use of magnetic imaging and the
recognition of muscle-specific antibodies are useful in separating these conditions
from one another. There is active clinical research in finding new treatments for
IBM and improving treatments for the other inflammatory myopathies.
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The Venous Connection: The Role 1 3
of Veins in Neurodegenerative Disease

Clive Beggs

Context

The cerebral venous drainage system has often been viewed simply as a series of
collecting vessels passively channelling blood from the brain back to the heart.
However, recent studies suggest that this system may be far from passive and that in
fact it plays an important role in regulating intracranial pressure (ICP) [1], the stiff-
ness of the brain parenchyma [2] and the dynamics of the cerebrospinal fluid (CSF)
in the cranium [3]. Anomalies of the cervical veins have also been reportedly linked
with several neurologic conditions, including multiple sclerosis (MS) [4-6],
Parkinson’s disease [7], Meniere’s disease [8, 9] and Alzheimer’s disease [10, 11].
As such, this raises intriguing questions as to whether or not changes in the cerebral
venous drainage system can alter the biomechanics of the intracranial space, result-
ing in neurodegeneration. In this review we investigate this issue and explore the
connection between veins and neurologic disease.

Veins and Neurodegeneration

Since the earliest years of research into MSS, there has been suspicion that the venous
system might be involved in its aetiology, with Dawson [12], Putnam [13, 14] and
others [15-19] all implicating veins in the pathophysiology of the disease. MS
plaques are often venocentric and frequently form in the periventricular white mat-
ter (WM) [6]. The formation of fingerlike plaques at the junction of the
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subependymal and medullary veins was first reported by Dawson [12] in the early
twentieth century. Later, Putnam and Adler [14], commenting on the appearance of
these ‘Dawson fingers’, observed that the medullary veins were enclosed in a sleeve
of plaque and that, adjacent to these plaques, the veins were grossly distorted and
distended. Others [19-22] have also shown that inflammatory lesions tend to form
axially around veins in the WM, with Tallantyre et al. [23] finding 80% of MS
lesions to be perivenous in nature. MS lesions in the grey matter have also been
associated with veins, with Kidd et al. [21] finding the majority of cortical lesions
arising within the territory of the principal vein, V5, whose course begins in the
WM [24], and the remaining cortical lesions forming in the region drained by its
branches or those of the superficial veins. Others have confirmed these observa-
tions, finding intracortical [25-27], leucocortical [25] and subcortical [20] lesions
all to be perivenous in nature.

It is thought that the infiltration of leukocytes across the blood-brain barrier
(BBB) into the central nervous system (CNS) is an essential step in the pathophysi-
ology of MS. Chemokines on the endothelial lumen bind to receptors on the leuko-
cytes, and it is thought that this initiates a cascade of events that culminates in
breaching of the BBB [28]. The ease with which the leukocytes are able to enter
the brain parenchyma depends on the chemokines present and the characteristics of
the endothelia. While the BBB has traditionally been considered a uniform ele-
ment, there is evidence of heterogeneity within the BBB [28], which varies depend-
ing on its location within the cerebral vascular bed. In particular, there is
considerable heterogeneity in the tight junctions between the endothelial cells [29,
30], which appear weaker and more leaky in the cerebral collecting veins [31].
Furthermore, the expression of the chemokine CXCL12 (which regulates leuko-
cyte access to the CNS parenchyma) at the abluminal endothelial membrane
appears altered in the postcapillary venules in MS [28], something that correlates
with the perivascular infiltration of T-cells [32, 33]. It has also been shown that the
blood flow characteristics of the venules tend to promote margination [28, 34],
with the result that the leukocytes are displaced to the periphery of the vessels [34],
where they come into contact with the endothelial cells [35], something that may
enhance intercellular interactions, leading to the attachment of leukocytes to the
endothelial wall.

Perivenous WM changes have also been associated with ageing. In a series of
related studies, Chung and co-workers [36-38] investigated jugular venous reflux
(JVR) in elderly individuals. They found JVR to be associated with severe age-
related WM changes, similar to those associated with leukoaraiosis [38].
Leukoaraiosis is characterised by WM morphological changes around the peri-
ventricular veins [39-42] that are thought to be associated with chronic cerebral
ischemia [43]. In cases of ischemic injury, histological changes of the WM can
range from coagulative necrosis and cavitation to non-specific tissue changes
such as sponginess, patchy demyelination and astrocytic proliferation [43]. Such
changes are consistent with the lesions seen in patients with leukoaraiosis [44],
suggesting that the condition is linked with ischemia [43]. In particular,
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leukoaraiosis is characterised by noninflammatory collagenosis of the periven-
tricular veins [39, 41], resulting in thickening of the vessel walls and narrowing,
or even occlusion, of the lumen [39]. Moody et al. [39] found a strong associa-
tion between the probability of severe leukoaraiosis and periventricular venous
collagenosis.

A strong epidemiological link exists between leukoaraiosis and cerebrovascu-
lar disease [45—47]. Arterial hypertension and cardiac disease are also frequently
associated with leukoaraiosis [43], and these are thought to induce arterioloscle-
rotic changes in the arteries and arterioles of the WM, replacing the smooth mus-
cle cells by fibro-hyaline material, causing thickening of the vessel walls and
narrowing of the vascular lumen [48]. Indeed, arteriolosclerosis is frequently
found within areas of leukoaraiosis [49, 50]. Furthermore, the arterioles supplying
the deep WM, which are some of the longest in the brain, frequently become tor-
tuous with ageing [42, 51-53], with the result that there is a trend towards
increased tortuosity in individuals with leukoaraiosis [42]. This tortuosity usually
begins abruptly as the arteriole passes from the cortex into the WM [42] and
greatly increases the length of the vessel. The combination of increased vessel
length and reduced diameter means that the hydraulic resistance of the arterioles
will greatly increase [53], inhibiting blood flow to the deep WM [42, 54-56]. It is
therefore perhaps not surprising that the periventricular veins, being a ‘distal irri-
gation field’ [43], appear prone to ischemic damage under conditions of moderate
deficit in blood flow.

Like leukoaraiosis, MS appears also to be associated with a reduction in cere-
bral blood flow (CBF) [57-60], raising questions about whether or not ischemia
might be involved in the pathology of this disease. Wakefield et al. [61] found
morphological changes in the venous endothelia, which progressed to occlusive
vascular inflammation. They proposed that these changes were the precursor to
lesion formation and suggested that demyelination may have an ischemic basis in
MS. Similarities have been found between the tissue injury associated with inflam-
matory brain lesions and that found under hypoxic conditions in the CNS [62]. Ge
et al. [63] identified subtle venous wall signal changes in small MS lesions, which
they interpreted as early-stage vascular changes, thought to be the result of isch-
emic injury, marking the beginning of trans-endothelial migration of vascular
inflammatory cells, before any apparent BBB breakdown. Werring et al. [64] found
that the formation of lesions was preceded by subtle progressive alterations in tis-
sue integrity, and Wuerfel et al. [65] found that changes of perfusion parameters,
such as CBF, cerebral blood volume (CBV), and mean transit time (MTT) were
detectable prior to the BBB breakdown. They concluded that in MS, inflammation
is accompanied by altered local perfusion, which can be detected prior to permea-
bility of the BBB. Lochhead et al. [66], using a rat model, demonstrated that
hypoxia followed by reoxygenation altered the conformation of the occludin in the
tight junctions between the endothelial cells, resulting in increased BBB permea-
bility. In doing so, they confirmed the findings of earlier studies undertaken by the
same team [67, 68].
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Regulation of the Intracranial Fluids

Being encased in a rigid enclosure, the brain employs a sophisticated windkessel
mechanism to regulate the flow of blood through the cerebral vascular bed [69-71].
This mechanism compensates for the transient increases in arterial blood volume
entering the cranium that occur during systole, by displacing an approximately
equal volume of CSF from the cranium into the spinal column [72]. As such, it
ensures that the flow of blood through the cerebral capillary bed remains constant
and non-pulsatile in healthy young adults [70], despite the considerable changes in
the arterial blood flow rate entering the cranium that occur throughout the cardiac
cycle (CC). The whole system is driven by volumetric changes in the arterial pulse,
which are transferred to the CSF, causing it to pulse backwards and forwards across
the foramen magnum (FM) (Fig.13.1). During systole the CSF travels in the caudal
direction, whereas in diastole the flow is reversed, with the CSF travelling into the
subarachnoid space (SAS) and interacting with the cortical bridging veins [73, 74].

While the presence of an intracranial windkessel mechanism is generally
accepted, the arteriovenous time delay [75, 76] between peak arterial flow entering
the cranium and peak venous flow leaving the cranium (Fig. 13.2a) has remained
something of a mystery. The cranium is a rigid container filled with incompressible
gel-like matter and fluids [77, 78]. Any increase in the intracranial arterial volume
should therefore in theory be matched by an instantaneous displacement of fluid out
of the cranium. While the displacement of CSF through the FM is virtually instan-
taneous [73, 74], the delay between the cervical arterial and venous flow rate peaks
[75, 76] suggests that complex fluid interactions must be occurring within the cra-
nium. Recently, a model was developed which sheds new light on the complex fluid
interactions that occur within the cranium during the CC [79]. This model interprets
the cervical blood and CSF flows in the neck to determine the temporal changes that
occur in the intracranial arterial, venous and CSF volumes. It is illustrated in Fig.
13.2b, which shows the results of applying the model to mean cervical blood and
CSF flow data (Fig. 13.2a) collected from 12 healthy young adults [80]. From this
it can be seen that there is a strong inverse relationship between the arterial and CSF
fluid volumes in the cranium. As arterial blood accumulates in the cranium during
systole, so it displaces CSF, with the result that the intracranial CSF volume reduces
to a minimum when the intracranial arterial volume is at its maximum. Conversely,
during diastole, as the arterial blood flow entering the cranium decreases, so the
returning CSF displaces arterial blood stored in the pial arteries, with the result that
the intracranial CSF volume reaches a maximum at approximately the same time as
the intracranial arterial blood volume is at its minimum. From Fig. 13.2b, it can be
seen that during diastole, as the intracranial CSF volume increases, so venous blood
starts to accumulate within the cranium. Only when the intracranial CSF volume
has peaked and starts to decrease does the stored venous blood start to discharge
from the cranium, suggesting that venous outflow is regulated in some way by the
interaction between the CSF in the SAS and the cortical bridging veins, as Greitz
[81] and Nakagawa et al. [82] postulated.

The timing of the intracranial fluid regulatory mechanism appears critical. In late
diastole and early systole, the cranium can only accommodate the stored venous



13 The Venous Connection: The Role of Veins in Neurodegenerative Disease 263

Superficial Veins

Deep Veins

. IJVs
Carotid/Basal Spinal & VVs
Column l l

Arteries

Fig. 13.1 Hydrodynamic model of the brain, showing the interactions between the arterial and
venous blood flows and the cerebrospinal fluid (CSF). SSS superior sagittal sinus, ST straight
sinus, SAS subarachnoid space, AV arachnoid villi, CP choroid plexus, FM foramen magnum, WM
windkessel mechanism, SR Starling resistor, VL lateral ventricle, V3 third ventricle, V4 fourth
ventricle, AoS aqueduct of Sylvius, IJV internal jugular vein, VV vertebral veins

blood because the store of arterial blood in the cranium is depleted during this
period. Similarly, the system requires the free egress of venous blood of the cranium
during systole. A number of studies have shown that constriction of the internal
jugular veins (IJVs) causes increased retention of blood in the cerebral veins [83]
and that this can increase the stiffness of the brain parenchyma [2], causing the
amplitude of the CSF pulse in the aqueduct of Sylvius (AoS) to increase [2, 3].
Furthermore, rotation of the head can compress both the IJVs and the vertebral
veins [84] inhibiting cerebral venous drainage, something that has been shown to
increase the venous pressure in the confluens sinuum by as much as 30.3% [85].
This in turn can influence ICP. Indeed, it has been shown that in anaesthetised neu-
rosurgical patients lying on a flat surface, the ICP can be raised by 4.1-4.8 mmHg
simply through rotation of the head [86]. Collectively, these findings suggest that
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Fig.13.2 (a) Mean cervical arterial, venous and cerebrospinal fluid (CSF) flow rates over a car-
diac cycle, for all 12 subjects aggregated together. (NB. For ease of representation, the venous
signal has been inverted.) (b) Mean intracranial arterial, venous and CSF volumetric changes over
the cardiac cycle, for all 12 subjects aggregated together (Adapted from Beggs et al. [80])

the characteristics of the cerebral venous drainage system can influence fluid
dynamics within the cranium.

Intracranial Pulsatility

Bilateral compression of the jugular veins has also been shown to increase pulsatility
in the pial arteries [87], suggesting that the functional compliance of the cortical veins
not only influences the CSF dynamics but also blood flow in the cerebral vascular bed
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[88]. In healthy young adults, the flow of blood through the cerebral capillaries is
constant and non-pulsatile [70]. However, if the compliance of the veins that traverse
the SAS is impaired, say through constriction or partial occlusion of the extracranial
cerebral venous drainage pathways, then this will tend to decrease intracranial com-
pliance, leading to larger pressure pulsatility in the cerebral vasculature [88].

As individuals age, their arteries become less compliant, causing the intracranial
windkessel mechanism to become less efficient, with the result that blood flow entering
the cerebral vascular bed becomes more pulsatile [70, 89]. Stiffening of the aorta has
also been linked to the transmission of excessive flow pulsatility into the brain [90, 91],
something that will increase endothelial shear stresses and has been linked with micro-
structural WM changes in healthy older individuals [92]. Tarumi et al. [90] demon-
strated that arterial stiffness in ageing is positively correlated with cerebral vascular
pulsatility and that this in turn is associated with a greater volume of WM hyperintensi-
ties. Excessive intracranial cardiac-related pulsatility has also been associated with brain
atrophy among elderly individuals [93]. Microstructural changes associated with
increased cerebral pulsatility may therefore represent early-stage alterations in the struc-
tural organisation of the WM, likely to precede the emergence of leukoaraiosis [92].

Ageing of the brain in healthy individuals is characterised by atrophy and WM
signal abnormality changes, typically detected as leukoaraiosis [94]. Leukoaraiosis
is known to be associated with hypertension. Given that hypertension is associated
with reduced vascular compliance [95], particularly in smaller arterial vessels [96], it
is therefore perhaps not surprising that leukoaraiosis has been shown to be character-
ised by increased arterial and sinus pulsatility [70]. Likewise, patients with normal
pressure hydrocephalus (NPH), a condition frequently linked with leukoaraiosis,
appear to exhibit increased pulsatility in the blood flow through the cerebral vascular
bed [70]. While the mechanisms linking these conditions with vascular pulsatility in
the brain are poorly understood, it has been shown that advancing age is associated
with higher pulsatility of CBF, which in turn is accompanied by a reduction in total
CBF [90]. Given that higher pulsatility of CBF has been associated with microstruc-
tural WM damage [92] and greater WM hyperintensities [90] in older adults, this
suggests that ischemic stress, arising from reduced CBF, may be involved in promot-
ing WM damage — something that others have suggested [43, 44, 54, 56].

CSF Pulsatility, Ventricular Reflux and Periventricular Changes

Although there appears to be clear evidence linking increased pulsatility in the cere-
bral vascular bed with WM changes, the link between increased CSF pulse ampli-
tude in the AoS and neuropathology appears more tenuous. Increased aqueductal
CSF pulsatility has been shown to be a feature of MS [97-99] and NPH [100-105].
However, the extent to which this phenomenon contributes to any pathology is
unclear. T1 and T2 lesion volumes have been found to be positively correlated with
the aqueductal pulse in MS patients [97]. However, this might be indicative of
increased lateral ventricle size, rather than any causal relationship linking altered
CSF dynamics with lesion formation. Notwithstanding this, it has been shown that
increased aqueductal CSF pulsatility is associated with early-stage microstructural
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WM changes in healthy adults [106] and elderly subjects [92] with no neurologic
condition. This raises questions as to whether or not ventricular reflux, the resorption
of CSF through the ependymal wall, might be a feature of some neurodegenerative
disease. MS lesions are often observed around the subependymal veins at the edge of
the lateral ventricles [18, 20]. Likewise, demyelinated lesions associated with other
WM disorders such as Binswanger’s encephalopathy and leukoaraiosis often occur
in the vicinity of the periventricular veins [39, 107, 108]. This has led several inves-
tigators to suggest that CSF leakage through the ependymal wall might be a contribu-
tory factor in periventricular lesion formation in MS patients [109]. Recently, Liu
et al. [110] demonstrated that in MS patients, tissue structural abnormalities in the
normal-appearing WM and WM lesions were greatest near the ventricles, with the
magnetisation transfer ratio being abnormally low (compared with healthy controls)
adjacent to the ventricles and increasing with distance from the ependymal wall. This
they interpreted as being consistent with CSF or ependymal mediated pathogenesis.

NPH is associated with significantly reduced CSF absorption into the superior
sagittal sinus (SSS) [111, 112], and this has led to speculation that CSF resorption
might be occurring in the subependymal brain parenchyma [75]. Ventricular reflux
of fluid has been shown to be a characteristic of communicating hydrocephalus
[113, 114], with the periventricular tissue characterised by disruption of the epen-
dyma, oedema, neuronal degeneration and ischemia [115]. Animal studies have also
shown that in hydrocephalus, part of the CSF flow is cleared via a trans-parenchymal
route into the cerebral vasculature [116—118], suggesting that a similar phenomenon
may also be present in NPH [119]. If ventricular reflux of CSF is breaching the
ependymal wall in NPH, then this might result in oedemas in the periventricular
parenchyma, something which could inhibit CBF in this region [120]. CBF has been
found to be generally lower in NPH patients than in normal controls [120-123],
mirroring a similar phenomenon in MS patients [57-59]. However, after shunting,
cerebral metabolism is increased [124], suggesting that in NPH reduced perfusion
in this region is reversible and associated with CSF disturbances. Indeed, it has been
postulated that CSF shunting in patients with NPH leads to a reversed flow of extra-
cellular fluid from the periventricular WM into the ventricles, reducing the amount
of extracellular water in the subependymal brain parenchyma [119].

Discussion

In recent years there has been much controversy about the possible role that venous
anomalies might play in the aetiology of MS. This debate has been precipitated by
the work of Zamboni et al. [4], who in 2009 published an ultrasonic study linking a
vascular syndrome, chronic cerebrospinal venous insufficiency (CCSVI), with
MS. This vascular condition, characterised by stenotic lesions in the extracranial
veins, is thought to restrict venous outflow from the brain, resulting in collateral
rerouting of the blood flow back to the heart [125]. Although originally linked only
with MS, CCSVI has subsequently been associated with Parkinson’s [7], Meniere’s
[8, 9] and Alzheimer’s disease [10, 11]. CCSVI has proved to be a highly
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contentious issue with many doubting its validity, with proponents for [4-6, 126—
129] and against [130-134] CCSVI publishing contradictory studies defending
their respective positions. Although this has led to much confusion, the debate gen-
erated by the CCSVI controversy has renewed interest in the role of veins in neuro-
logic disease and has resulted in a considerable amount of new research being
undertaken on the cerebral venous and CSF systems, which arguably might not
otherwise have occurred [135]. While much of this research has been inconclusive,
it has however highlighted the potential for constricted cerebral venous outflow to
increase the hydraulic resistance of the venous drainage pathways back to the heart
[5, 136], and also to alter the biomechanics of the intracranial space [2, 3]. In par-
ticular, it has highlighted the important role that the cortical bridging veins play in
regulating both intracranial compliance [73, 74, 119, 137] and intracranial pressure
[1]. As such, the CCSVI controversy has helped to raise the profile of the cerebral
veins and their importance in regulating the dynamics of the intracranial space.

While clear biomechanical links have been established between cerebral venous
drainage and the intracranial fluidic system, it is much more difficult to infer any
direct connection between impaired venous drainage and neurodegenerative disease.
This is partly because conditions such as MS and Binswanger’s disease are multifac-
torial in nature but also because the physiology of the intracranial fluidic system is
poorly understood. Indeed, such is the complexity and interconnectivity of this system
that small anomalies in one part of the intracranial space can lead to multiple changes
elsewhere. This makes it very difficult to attribute pathological changes to any single
antagonist. Approximately 70% of intracranial blood volume is located within the
venous compartment, much of it in thin-walled veins that readily expand or collapse
with small changes in transmural pressure. Any constriction of the extracranial venous
drainage pathways will therefore tend to cause venous blood to accumulate in these
vessels [2, 11, 83, 87] changing their compliance. However, the pathological implica-
tions of this are unclear, and further work will be required to fully characterise any
pathophysiological mechanisms. Having said this, the venocentric nature of the
lesions found in MS and leukoaraiosis points to a vascular connection. While this con-
nection is poorly understood, recent advances in understanding outlined in this review
suggest that disturbances of the cerebral venous drainage system can influence the
dynamics of the whole intracranial fluidic system and, by implication, the character-
istics of the CBF and the motion of the CSF. Although these biomechanical changes
have generally been ignored in the past, their importance is increasingly becoming
recognised, as they have the potential to shed new light on some of the pathophysio-
logical mechanisms associated with neurologic disease.
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